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Section  1 


INTRODUCTION 

This  final  report  summarizes  the  work  performed  by  Lockheed  Missiles  and  Space 
Company,  Inc.  (LMSC),  under  SDIO  Contract  number  SDIO84-89-C-0028,  Tribomaterials/ 
Precision  Gimbal  Demonstration  (T/PGD)  program.  The  overall  T/PGD  goal  is  to 
demonstrate  enhanced  performance  and  life  of  Strategic  Defense  Initiative  (SDI)  vehicle 
systems  via  insertion  of  advanced  tribomaterials  into  precision  gimbal  bearing  assemblies. 
This  is  in  recognition  of  the  critical  importance  that  bearings  and  lubricants  have  on  the 
mission  performance,  reliability  and  survivability  of  SDI  precision  gimbals.  In  particular, 
tribomaterial  advancements  were  needed  to  meet  the  stringent  life  and  jitter  requirements  of 
SDIO  gimbaled  sensors,  fine  pointing  antennas,  CMG  gimbals  and  other  tribomechanisms. 


LMSC  T/PGD  Program  Plan  is  illustrated  in  Fig.  1-1.  The  program  was  structured  into  two 
phases  plus  an  optional  third  phase.  The  4-month  Phase  I  conceptual  design  study  was 
completed  in  October  1989.  Current  SDI  tribomaterial  limitations  were  identified,  the 
performance  of  promising  new  solid  and  liquid  lubricants  were  characterized,  and  their 
potential  benefits  to  SDI  gimbals  were  highlighted.  This  work  was  reported  in  the  Phase  I 
Final  Report. 

The  Phase  II  effort  covered  the  period  of  28  February  1990  to  30  September  1993.  The 
object  of  Phase  n  was  to  perform  bearing  component  level  validation  tests  in  order  to 
transition  this  technology  into  SDI  spacecraft.  At  the  beginning  of  the  program  these 
spacecraft  were  the  Boost  Surveillance  and  Tracking  Satellite  (BSTS)  and  Space  Surveillance 
and  Tracking  Satellite  (SSTS),  both  programs  being  resident  at  LMSC.  Latter  these  programs 
were  replaced  by  the  Advanced  Warning  Satellite  (AWS)  and  the  Brilliant  Eyes  (BE) 
Satellite.  However,  at  the  time  of  this  writing  AWS  has  evolved  into  the  Follow-on  Early 
Warning  System  (FEWS)  and  SDIO  has  evolved  into  the  Ballistic  Missile  Defense 
Organization  (BMDO). 

The  work  reported  here  covers  the  3  year.  Phase  II  component  level  demonstration  effort. 
During  this  period  270,000  cumulative  life  test  hours  were  obtained  on  55  pairs  of  precision 
angular  contact  ball  bearings  lubricated  with  33  different  tribomaterial  combinations 
(lubricant,  bearing  retainer  material,  ball  material  or  coating).  The  main  emphasis  was  on 
high  density,  ion-sputtered  molybdenum  disulfide  (M0S2)  solid  lubricant  coatings  which 
show  promise  in  terms  of  low  friction  in  a  vacuum  environment,  negligible  outgassing 
contamination,  insensitivity  to  temperature,  radiation  resistance  and  absence  of  migration  as 
associated  with  liquid  space  lubricants.  Life  tests  were  conducted  in  a  vacuum  over  a 
simulated  duty  cycle  for  a  space  payload  gimbal.  Optimum  retainer  and  ball  material 
composition  were  investigated.  Life  tests  were  also  conducted  with  comparable  bearings 
lubricated  with  liquid  space  lubricants  in  order  to  directly  compare  the  performance  of  the 
M0S2  bearings  with  today's  customary  gimbal  bearing  lubricants.  Such  comparative 
benchmark  tests  were  considered  crucial  in  obtaining  program  acceptance  for  these  advanced 
lubricants. 

Screening  tests  were  performed  on  smaller  (»  2-inch  OD)  high  quality  bearings  in  order  to 
determine  the  best  M0S2  film  -  retainer  &,  ball  material  combination  for  later  testing  in  full 
scale,  flight-quality  gimbal  bearings.  These  flight-like  gimbal  bearings  were  to  two  different 
sizes  that  enveloped  those  proposed  for  use  in  the  Brilliant  Eyes  primary  payload  gimbals. 
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Scale-up  performance  and  process  quality  control  issues  were  to  be  addressed  using  these 
larger  bearings  («  5  and  12  inch  OD). 

A  goal  of  this  work  was  to  improve  pointing  performance  of  SDI  gimbals  through  bearings 
which  produced  less  drag  disturbances.  Gimbal  pointing  simulations  performed  in  this 
investigation  show  that  bearing  torque  ripple  is  a  significant  source  of  gimbal  pointing  jitter. 
The  sensors  aboard  SDI  spacecraft  have  stringent  jitter  requirements.  An  innovative  LMSC 
bearing  concept  using  a  flexure  showed  that  jitter  levels  could  be  reduced  up  by  more  than  an 
order  of  magnitude  under  certain  operating  conditions. 

A  2-year,  Phase  in  gimbal  system  level  demonstration  was  originally  planned  as  an  option 
to  provide  experimental  "proof"  of  pointing  performance  improvements  associated  with 
advanced  tribobearings.  TTie  validation  testing  was  to  be  performed  on  large  single  and 
combined  two  axis  gimbals,  consistent  with  the  large  sensor  gimbals  aboard  SDI  satellites. 
However,  the  Phase  IH  option  was  not  exercised. 
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Lockheed  Missiles  &  Space  Company,  Inc. 

TRIBOMATERIALS/PRECISION  GIMBAL  DEMONSTRATION  (T/PGD) 

PROGRAM  DESCRIPTION: 


BEARING  /  GIMBAL  LEVEL  DEMONSTRATION  OF  ADVANCED  BEARING  TRIBOMATERIALS  TO  MEET 
STRINGENT  LIFE  AND  JITTER  REQUIREMENTS  OF  MISSION  CRITICAL  SDI  GIMBALLED  SENSORS. 
FINE  POINTING  ANTENNAS,  AND  CMG  GIMBALS 


PHASE  I  STUDY 


PHASE  II  COMPONENT  DEMONSTRATION 


m 


COMB»€D 

- RHAELEVATON 

OUBM  TESTS 


APPLICATIONS _ 

•  SENSORS  AND  SCAN  MIRROR  GIMBALS  (BP.  GSTS,  BE) 

•  USER  X-LINK  AND  HIGH  GAIN  ANTENNA  (ALL) 

•  CMG  GIMBALS  (BE,  GSTS)  REACTION  WHEELS  (BP) 

•  OTHER  TRIBO  MECHANISMS  (SOUR  ARRAY,  DEPLOY) 


PROBLEM  STATEMENT 


•  LOW  TORQUE  JITTER  SIGNATURES  CAN  NOT  BE  GUARANTEED  WITH  TODAY'S  TRIBOMATERIALS 

•  INSUFFICIENT  TEST  DATA  BASE  TO  CONVINCE  USERS  OF  FLIGHT  WORTHINESS  OF  RECENT,  ULTRA 
LOW  FRICTION  SOLID  AND  LIQUID  LUBRICANTS 

•  GIMBAL  BEARINGS  ARE  GENERALLY  MISSION  THREATENING  SINGLE  POINT  FAILURE  ELEMENTS 


APPROACH 


•  IDENTIFY  (PHASE  I)  AND  SCREEN  (PHASE  II)  CANDIDATE  TRIBOMATERIALS 

•  COMPETIVELY  LIFE  AND  PERFORMANCE  TEST  AGAINST  TODAY'S  FLIGHT  LUBRICANTS 

•  VALIDATE  PREDICTED  GIMBAL  POINTING  IMPROVEMENTS  WITH  GIMBAL  LEVEL  PERFORMANCE  TEST 


Fig.  1-1  LMSC's  Tribomateriais/Precision  Gimbal 
Demonstration  Program 
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Section  2 


SUMMARY 


The  results  of  the  T/PGD  Phase  n  component  demonstration  are  reported.  The  work  covers 
test  results  from  bearing  lubricant  screening  life  tests,  producibility  issues  for  advanced 
M0S2  films,  design  and  test  of  flight  quality  tribobearings,  and  the  status  of  tribobearing 
technology  transfer  to  SDI  vehicles.  Discussion  is  given  of  the  results  of  a  bearing 
disturbance  gimbal  simulation  which  shows  improved  pointing  performance  attendant  with 
bearings  having  lower  torque  ripple.  Also  the  gimbal  jitter  level  reductions  associated  with 
the  LMSC  Passive  Hybrid  Flexure  (PHF)  bearing  are  quantified. 

Early  screening  tests  with  thrust  bearings  indicated  that  high  density,  ion-sputtered  M0S2 
films  provided  longer  life  in  a  vacuum  than  other  solid  film  lubricants  such  as  ion-plated  lead 
or  diamond-like  carbon  films.  One  hundred  fifty  thousand  cumulated  hours  of  test  life  were 
obtained  on  27  pairs  of  high  precision,  105  size  angular  contact  ball  bearings  lubricated  with 
sputtered  M0S2  and  14  pairs  of  liquid  lubricated  reference  bearings.  Self- lubricating  PI  PE 
retainers  were  required  for  long  life  (>  40  million  gimbal  cycles).  Bearings  with  polyimide 
retainers,  silicon  nitride  ceramic  balls  or  steel  balls  sputtered  with  M0S2  film  suffered  early 
torque  failure,  irrespective  of  the  type  of  race-  sputtered  M0S2  film.  Failure  generally  resulted 
from  excess  film  or  retainer  debris  deposited  in  the  ball  track  which  tended  to  jam  the 
bearing.  Both  grease  lubricated  and  the  better  M0S2  film  lubricated  bearings  produced  long 
lives,  although  the  torque  with  liquid  lubricants  was  lower  and  less  irregular. 

Evidence  of  film  fracture  and  delamination  was  found  from  SEM  examination  of  life  tested 
bearings.  A  more  fatigue  resistant,  multilayer  film  with  a  high  gold  content  interlayer  was 
cooperatively  developed  with  the  film  producer.  Six  pairs  of  flight  quality,  5-  and  12-inch 
test  bearings  were  life  tested  with  this  film. 

The  life  and  torque  performance  associated  with  these  larger  gimbal  bearings  were  more 
irregular  than  the  small  test  bearings.  The  high  stiffness  and  larger  dimeter  of  these  toger 
bearings  is  believed  to  increase  their  torque  sensitivity  to  debris.  Deposition  of  the  multilayer 
film  on  large  bearings  required  different  fixturing  which  may  have  affected  film  quality. 
Toique  performance  with  M0S2  lubricated  bearings  were  comparable  to  or  better  than  similar 
bearings  lubricated  with  synthetic  greases  at  the  start  of  life  tests  but  quickly  degraded  with 
cycling.  These  synthetic  greases,  v/ith  the  exception  of  the  multiply-alkylated  cyclopentane 
lubricant,  gave  long  lives. 

Pointing  simulations  with  a  high  fidelity  beiiring  disturbance  model  show  that  gimbal 
pointing  performance  is  directly  related  to  bearing  performance.  Bearing  disturbance  torques 
are  a  major,  if  not  the  largest,  contributor  to  gimbal  jitter  and,  subsequently,  improved 
bearing  tribomaterials  could  significantly  improve  the  performance  of  a  precision  gimbal 
system.  The  bearing  model  used  bearing  characteristic  test  data  generated  at  the  beginning, 
middle  and  end  of  life  testing. 

A  novel,  low  cost  Hybrid  Flexure  Bearing  developed  by  LMSC  was  analytically  and 
experimentally  evaluated  for  its  jitter  reduction  potential.  The  passive  HFB  was  found  to 
reduce  jitter  by  a  factor  of  3  to  10  for  inertial  pointing  or  staring  applications  while  showing 
no  improvement  or  even  a  performance  penalty  for  sensor  applications  that  image  while 
scanning.  An  actively  controlled  version  of  the  HFB  provides  one  to  two  orders  of 
magnitude  jitter  rejection  under  all  gimbal  modes  at  the  expense  of  added  complexity. 
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<;prppnifn»  tests.  The  test  approach  was  to  perform  a  large  screening  tests  wiA 

snrnll  relatively  inexpensive,  yet  high  quality  beanngs.  This  was  *^5^1 

tribomaterial  combinations  for  later  test  m  the  larger,  more  expensive  flight-like  gimbd 
bearings  Three  computer  controlled,  vacuum  bearing  life  testers  were  used.  These  ngs  can 
Snculently  test  36  pairs  of  105-size  («  2  inch  OD)  precision  anguto  contact  beanngs  over  a 
composite  ^mbal  scan  duty  cycle.  Bearing  torque  and  torque  npple  were  continuously 
monitored.  The  bearing's  "hard"  preload  was  measured  and  matched  at  the  be^nning  of  test 
and  at  the  end  of  test  to  detect  any  loss  due  to  wear.  Each  of  the  test  beanngs  were 
thoroughly  examined  at  the  end  of  the  test  and  their  condition  documented. 

Earlier  screening  tests  with  more  than  30  thrust  ball  bearings  with  M0S2  films  from  5 

sources  (some  laser  treated  or  with  ceramic  undercoats),  Jon-P^^ted  1^  with 

film  lubricant  coatings  were  conducted  in  Phase  I  and  early  Phase  H.  The  M0S2  films  with 

PTFE  composite  retainers  were  clearly  the  best  perfomers.  ° 

these  films  for  bearings  in  spacecraft  mechanisms  could  not  be  deten^ed  due  to  the  poor 
quality  of  the  thrust  bearings.  M0S2  films  produced  from  three  different  sources  were 
selected  for  additional  screening  tests  on  more  precise,  angular  conl^t  bdl  beanngs  n^e  tor 
precision  grinding  spindle  equipment.  A  wear  model  was  proposed  which  related  lubncant 
life  to  coating  thickness,  stress,  and  %  slip. 

Forty  three  pairs  of  105-size  precision  angular  contact  bearings  wae  tested  over  a  composite 
gimbal  duty  cycle.  Twenty  seven  of  these  test  bearings  were  located  wiA  adviced  ion 
fputtered  Vs2  films  from  the  3  "commercial"  sources:  O^f^^Synthetic  Materials 
fOvonic)  Hohman  Plating  (Hohman)  and  National  Centre  of  Tnbology  (NCT).  T^e 
remainder  were  lubricated  with  traditional  and  advanced  liquid  space  lubncants  for 
comparison  purposes.  Compared  to  earlier  M0S2  films,  these  "f ^  ^ ^ 

adherent  and  are  very  long  lived.  The  bearings  were  equipped  with  4  different  b^l 
materials  and  some  had  solid  ceramic  (S13N4)  balls  or  Aose  coat^  wiA  M0S2. 
nairs  of  the  bearings  with  PTFE  composite  retainers,  having  M0S2  films  from  each  m  me  3 
sources,  ran  unfailed  to  lest  cutoff  (35  to  48M  cycles).  On  the  other  hand,  " 

bearing  pairs  having  either  non-PTFE  retainers,  silicon  nitride  baUs  or  baUs  coated  with 

M0S2  survived  more  than  2  million  cycles. 

From  this  it  was  concluded  that  bearing  life  is  more  strongly  rel^  to  Ae  retainer  and  ball 
material  combination  than  to  the  actual  producer  of  the  film  lubncant. 
self-lubricating  PTFE  (Duroid™)  or  PTFE/bronze/MoS2  composite  (Salox™)  do  better  than 
those  having  polyimide/MoS2  (Vespel™)  retainers.  Special  retainer  matendfnction  tests 
conducted  at  Battelle  for  Lockheed  pointed  out  the  significa^ higher  friction  of  dry 
retainers  versus  those  that  are  grease  lubricated  and  the  need  for  PTFE-based  ball  retamers. 

The  formulated  synthetic  hydrocarbon  and  polyoester  oil  based  greases  having  anti-we^ 
additives  performed  very  well  showing  little  or  no  torque  change  over  the  test  life  ot  35  to 
40M  cycles.  These  lubricants  performed  better  than  ffadition  perfluonnated  space  greases 
which  showed  torque  increases  at  about  the  30  million  cycle  point.  Furthermore,  the 
hydrocarbon  and  ester  greases  showed  little  deterioration  at  the  end  of  life  test,  unlike  the 
perfluorinated  grease.  A  multiple-akylated  cyclopent^e  grease 

napthenate  antiwear  additive  showed  irregular  torque  performance.  Replacmg  the  steel  balls 
with  Si3N4  balls  in  perfluorinated  grease  lubricated  bearings  caused  early  torque  failures. 
Also  substituting  ceramic  sputtered  coated  (TiN)  balls  caused  an  early  failme  in  one  case  Md 
no  change  in  performance  on  a  second  bearing  sample.  A  single  bearing  pair  lubneated  with  a 
perfluonnated  oil  containing  a  proprieta^  anti  wear  additive  showed  excellent  performance 
until  test  suspension  at  35  million  cycle  life. 
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Tnraiie  sicnature  frequency  analysis  has  proven  to  be  a  valuable  diagnostic 
resDonsesit  the  predicted  ball  defect  frequencies  were  measured  at  s^  of  the  test  for  the 
bemngs  with  M0S2  coated  balls  that  subsequently  failed  early.  Similar  ffaces  obtained  at 
failure  showed  significant  inEsr  race  and  outer  race  defects,  consistOTt  with  large  o 
impacted  M0S2  debris  found  in  the  race  track  of  the  failed  beanng  Pre  and  posttest  beanng 
preload  measurements  on  these  bearings  showed  an  increase  m  preload,  consistent  with  the 
trapped  debris  found  between  the  balls  and  race. 

orndiidbililv  A  Eoal  of  the  LMSC  T/PGD  effort  was  to  develop  reliable 
^m^rcKSte  advmced  solid  flint  lubricants.  This  requires  that  the  lubncant  film 
not  onlv  show  consistently  good  tearing  perfonnance  but,  moreover,  that  the  film  dep^iuon 
Sc«sfeZb“Si^  betting  meetsriaditional  flight  procep  control  •».s 

regard,  characterization  of  M0S2  lubricant  films  deposited  on  mmess  P>«es  hat  accomp^y 
thl  ivariniTt!  diirinu  the  sputter  run  has  greatly  contnbuted  to  our  ability  to  identity 

nnco^tiollli  variations.  Fito  moiphological  smenra,  “f 

have  been  evaluated  on  the  films  under  study  here.  These  fmgerpnnts 

detecting  process  changes  and  potential  causes  for  anomalous  performance. 

Rpflrinff  life  appears  to  be  strongly  related  to  the  thickness,  adherence  and  fracture  resistance 
ofTe  films  have  significantly  different  processes  to  obtain 

"gTOd"  film  properties.  Each  film  has  differing  degrees  of  ecL  of 

tPYtiire  as  determined  from  X-ray  diffraction  analysis.  Some  change  in  the  X-ray  spectra  ot 
the  NCT  film  was  also  detected  between  early  and  later  sputtered  teanngs,  per  aps 
of  immoveSs  to  Aeir  high-rate  process.  While  each  of  the  film  producers  were  ab  e  to 
deposU  films  of  relatively  consistent  thickness  from  run  to  ran,  only  Ovonics  was  ab  e 
obtain  the  nominal  requested  race  thickness  of  1  micron. 

The  Hohman  films  containing  aiitimony  trioxdde  appe^ed  harder  than  ^ 

SFM  analysis  of  a  scribed  mark  across  the  film.  However,  both  films  sustained  o 
maximum  contact  stresses  of  170,000  psi  without 

support  was  provided  to  Hohman  in  refining  their  M0S2+  Sb203  film,  ine  dens  ly 
badness  of  their  films  were  found  to  be  directly  related  to  the  spudenng  currem  ^phmd^ 
while  the  high  current  films  fractured  more  easily  at  the  substrate  interface.  The  optimu 
r“ctum,  dInsS  ductiUty  and  mb  block  sliding  life  was  obta.ned  by  altemanng  the 
sputtering  current  between  medium  low  and  medium  hign. 

n<a«ion  /  test  of  UmM  hearings  It  is  necessary  to  dernonstrate  that^  the 

advSed  MosV^ml^c'ants  can  not  only  be  consistently  applied  to  flight-hke  beanngs  but 
also  offer  good  toroue  and  life  performance  while  not  sacrificing  stufiiess,  runout  accuracy 
or  DaM  sf^(Sni  wind  up).  These  last  parameters  are  also  .mportam  to  gtmbal 

performance. 

The  bearings  to  be  tested  were  originally  designed  to  the  requirements  of  the  Long  Wave 
Infrared  Sensor  (LWIR)  two  axis  gimbal  on  SVS.  Spare  bearings  having  the^^  adva 
taS.  upon  sSsfully  compTerion  of 

u/prp  to  he  furnished  to  the  SVS  program  for  use  on  the  SVS  flight  gimbals.  The 
wSe  rizS  tX  as  sSaJl  as  possible  yet  able  to  meet  launch  loads  and  on-orbit  sdfftess 
reauirements  Preload  was  selected  as  the  best  compromise  between  ' 

Bearings  12  inch  outside  diameter  v/ere  selected  for  the  azimuth  axis  and  7  inch  for  t  e 

elevatiOT  axis.  (Later  5-inch  OD  bearings  were  substituted  for  the  7  ^gX^Lrinc 
when  the  requirements  for  the  smaller  BE  satellite  came  to  light.)  The  12-inch  bea  g 
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envelope  is  identical  to  currently  produced  LMSC  flight  gimbal  bearings  that  have 
comparative  life,  torque,  and  Dahl  Action  test  data. 

Three  carousel  bearing  life  test  fixtures,  used  for  lubricant  screening,  were  later  modified  to 
life  test  three  pairs  of  medium  (5-inch)  and  three  pairs  of  large  (12  inch)  flight  quality 
gimbal  bearings.  Two  pairs  of  bearings  of  each  size  were  lubricated  with  the  best  M0S2 
film/retainer/ball  material  combination.  A  pair  of  large  and  medium  bearings  were  each 
lubricated  with  the  best  oil/grease  to  provide  comparative  bench  mark  data.  All  bearings  at 
test  start  received  an  abbreviated  torque,  torque  signature  (Power  Spectral  Density  or  PSD) 
and  preload  functional  test.  The  torque  and  torque  signature  were  continually  monitored 
throughout  the  life  test  and  preload  checked  as  necessary.  The  test  bearings  were  gimbaled 
over  a  composite  stop/start/dwell  scan  duty  cycle  in  a  10'^  torr  vacuum  for  up  to  48  million 
cycles  or  failure. 

A  precision  rate  table  supported  on  air  bearings  with  integral  brushless  motor  for  low  noise 
was  used  for  torque  ripple,  angular  mnout  and  Dahl  friction  slope  tests.  The  effects  of  rates 
of  rotation,  dwell,  and  faring  wear  on  torque,  torque  signature  and  preload  was  quantified. 
Comparisons  were  made  with  a  passive  Hybrid  Flexure. 

Additional  beginning  and  end-of-life  characterization  tests  include  bearing  angular  runout  and 
Dahl  friction-displacement  for  the  solid  and  liquid  lubricated  bearings.  The  bearing's 
minimum,  maximum  and  non-repeatable  angular  runout  was  measured  using  the  precision 
turntable  with  an  autocolliminator/mirror  system.  Dahl  friction  measurements,  which 
determine  the  torsional  stiffness  and  breakaway  torque  of  bearings  with  small  dithering 
motion,  was  also  measured.  A  proximity  probe  displacement  measurement  system  and 
precise,  smooth  linear  actuator  generated  the  Dahl  "hysteresis"  loops. 

The  test  data  from  both  the  screening  and  full  scale  life  tests  was  used  to  validate  proposed 
wear  life  models  that  can  be  used  to  optimize  future  gimbal  bearing  designs.  This  data  in 
combination  with  parametric  data  was  used  to  enhance  the  fidelity  of  a  detailed  disturbance 
model  to  better  predict  bearing  effects  on  gimbal  pointing  paformance. 

Trihohearin^  technology  transfer  Tribo  technology  transfer  was  accomplished  by 
three  mechanisms:  (1)  direct  transfer  into  the  SDIO  programs  at  Lockheed,  formerly  SSTS 
and  BSTS  and  later  BE;  (2)  direct  involvement  of  commercial  tribomaterial/bearing  vendors, 
such  as  Ovonics,  Hohman,  NCT  and  Industrial  Tectonic  Bearings;  and  (3)  publication  of  the 
work  in  technical  society  journals,  references  [2-1]  and  [2-2]. 

A  complete,  fully  integrated  gimbal  bearing  design  was  completed  for  the  LWIR  sensor 
aboard  SSTS  validation  satellite  prior  to  its  cancellation.  The  bearings,  lubricated  with  an 
advanced  M0S2  film  lubricant  if  warranted,  were  to  be  made  available  to  the  program  for 
flight  acceptance  testing  and  flight  demonstration.  The  same  tribomaterial  technology  was 
also  transferable  to  gimb^als  on  oSier  SDI  programs,  such  as  those  listed  in  Table  2-1. 

It  was  shown  that  improved  tribomaterials  were  important  to  the  development  of  gimbals  for 
both  SSTS  and  BSTS.  These  vehicles  have  large  sensors  that  require  quick  accelerations, 
quick  stopping  and  settling  with  minimum  disturbances  to  the  vehicle.  Both  satellites  have 
jitter  sensitive  sensors.  Similarly,  gimbal  generated  disturbances  are  expected  to  be  equally 
important  to  BE  and  BP  size  vehicles.  The  BP  pan/tilt  mirror  gimbal  is  not  only  jitter 
sensitive  but  also  sensitive  to  any  contaminating  outgassing  products  from  the  bearing 
lubricants.  This  scan  mechanism  performs  a  continuous  step/stare  surveillance  scan  with  very 
short  settling  time;  thus  lubricant  longevity  and  the  elimination  of  stick  slip  bearing  behavior 
becomes  crucial. 
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Table  2-1  SDI  gsmbal  applications  for  Trifeomaterial  technology 


•  SENSORS  AND  SCAN  MIRROR  GIMBALS  (BP,  GSTS,  BE) 

•  X-LINK  AND  DOWN  LINK  ANTENNA  (ALL) 

•  CMG  GIMBALS  (BE,  GSTS)  REACTION  WHEELS  (BP) 

•  OTHER  TRIBO  MECHANISMS  (SOLAR  ARRAY,  DEPLOY) 


The  BE  satellite  has  cross/down  link  antennas  and  CMG  gimbals  which  are  essentially 
dormant  over  long  periods  of  time  or  even  years,  except  for  periodic  exercise.  The  BE 
system  must  become  fully  operational  in  a  matter  of  seconds  once  notified  that  a  target  has 
been  acquired.  Thus,  lubricant  degradation  during  dwell  periods  is  not  tolerable. 

To  augment  the  application  of  improved  tribobearings  to  a  wide  variety  of  gimbals,  the  test 
data  base  obtained  under  this  contract,  was  incorporated  into  a  gimbai/bearing  disturbance 
simulation.  The  objective  is  to  assess  the  potential  pointing  performance  improvements 
attendant  with  "improved"  tribobearings.  The  high  fidelity  bearing  disturbance  mode  was 
augmented  to  include  end-of-life  bearing  behavior.  In  addition,  the  disturbance  model  was 
incorporated  into  a  Lockheed  independently  developed  gimbal  simulation  which  considers 
other  gimbal  disturbance  sources  such  as  motor  cogging/ripple,  power  transfer  device 
disturbance  (e.g.,  cable  wrap),  guidance  sensor  errors  as  well  as  spacecraft  born 
disturbances  such  as  CMG  vibration.  The  core  bearing  disturbance  model  includes  torque, 
torque  hash,  Dahl  friction,  runout,  structural  stiffness,  and  damping. 

Some  of  the  important  results  from  simulations  indicated  that  bearing  disturbance  torque, 
compared  with  the  other  sources  of  disturbance,  is  a  major  contributor  to  gimbal  jitter  during 
constant  velocity  scans.  The  simulation  also  showed  a  precipitous  increase  in  gimbal  jitter  as 
a  bearing  fails  using  actual  torque  failure  data  for  one  life  test  bearing.  Additional  results 
show  that  the  LMSC  Passive  Hybrid  Flexure  (PHF)  Bearing  provides  up  to  a  10  times 
reduction  in  gimbal  jitter  levels  relative  to  a  standard  bearing  for  fine  angle,  inertial  pointing. 
However,  bearing  start  up  torque  transients  render  the  PHF  bearing  ill  suited  for  large  angle 
scans. 

References  For  Section  2 

[2-1]  Loewenthal,  S.H.,  Chou,  R.G.,  Hopple,G.B.  and  Wenger, W.L.  "Evaluation  of  Ion- 
Sputtered  Molybdenum  Disulfide  Bearings  for  Spacecraft  Gimbals,"  STLE  93-TC- 
2D-1,  Tribology  Trans.  1994  (In  press) 

[2-2]  Hopple,  G.  B.,  Keem,  J.  E.,  and  Loewenthal,  S.  H.,  "Development  of  Fracture 

Resistant,  Multilayer  Films  for  Precision  Ball  Bearings,"  Wear,  Vol.162-164, 1993, 
pp.  919-924. 
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Section  3 


T/PGD  PROGRAM  OVERVIEW 


The  next  generation  of  SDI  surveillance/interceptor  spacecraft  have  critical  sensor,  antenna, 
CMG  gimbals  and  other  tribomechanisms  containing  single  point  failure  bearings.  In  most 
cases,  loss  of  these  bearings  is  either  mission  threatening  or  at  least  mission  limiting. 
Additional  requirements,  such  as  rapid  resettling  times,  survivability  in  hostile  environ¬ 
ments,  elimination  of  lubricant  bom  optical  contaminants  and  the  need  for  low  jitter 
producing  bearings,  raise  specific  tribomaterial  concerns.  Other  space  mechanism  lubrication 
issues,  such  as  ground  testing  and  storage,  also  need  to  be  addressed  [3-1]. 

While  recently  developed  ultra-low  friction  M0S2  films  have  the  potential  of  addressing 
many  of  these  concerns,  an  insufficient  test  data  base  exists  to  establish  their  flight  readiness 
or  worthiness.  Specifically,  there  is  lack  of  a  significant  quantity  of  life  and  torque  data  on 
flight  quality  bearings  of  different  configurations  under  simulated  gimbal  operation 
conditions.  Furthermore,  process  controls  that  consistently  produce  high  quality  lubricant 
films  on  bearings  of  varying  sizes  have  yet  to  be  established.  Finally,  Ae  ability  to  predict 
lubricant  wear  life  or  the  effects  of  bearing  disturbances  on  gimbal  life  and  pointing 
performance  are  largely  unavailable. 

3.1  PROBLEM  DESCRIPTION 

The  main  thrust  of  the  T/PGD  effort  was  to  demonstrate  performance  improvements 
associated  with  advanced  solid  film  lubricants  for  precision  gimbal  bearings.  Flight  and  test 
experience  with  traditional  liquid  and  solid  space  lubricants  uncovered  certain  performance 
limitations,  as  identified  in  Table  3-1.  The  stop/start  (direction  reversal)  nature  of  oscillatory 
gimbals  incurs  boundary  lubrication  where  significant  asperity  contact  is  encountered.  The 
degree  of  torque  signature  degradation  with  traditional  gimbal  bearing  lubricants,  such  as  the 
perfluoroalkyl  polyether  (PFPE)  oils,  had  not  been  established  over  a  SDI  mission  life  of  7+ 
years. 

Table  3-1  Tribomaterial  performance  limitations _ _ 


□QUID  LUBRICANTS 

•  MIGRATION.  CREEP,  DEPOLYERMERIZATION,  DEBRIS  FORMATION 

•  COLD  TEMPERATURE  PERFORMANCE 

•  OUTGASSING  CONTAMINATION  ON  OPTICS 

•  POOR  BOUNDARY  FRICTION  &  FRICTION  NOISE 

•  DIFFICULT  TO  ACCELERATE  LIFE  TESTING 

» LOW  TOLERANCE  TO  HAZARDOUS  ENVIRONMENTS 

SOLID  LUBRICANTS 

•  SPOTTY  WEAR  LIFE  TRACK  PERFORMANCE 

•  NON  GRACEFUL  SUDDEN  FAILURE  MODE 

•  INCONSISTENCY  OF  PROCESS  REPEATABILITY 

•  DEBRIS  GENERATION 

•  FRICTIONAL  EFFECTS  OF  DWELL  AND  STORAGE  TIME 

•  HIGH  SENSITIVITY  TO  AIR/HUMIDITY 
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Molybdenum  disulfide's  low  friction  in  a  vacuum  environment,  without  the  outgassing, 
migration  and  lov/  temperature  torque  concerns  of  liquid  lubricants,  makes  it  a  natural 
candidate  for  lubricating  spacecraft  mechanisms.  Furthermore,  its  ability  to  lubricate  at  near 
zero  rotational  speeds,  common  to  most  space  bearings,  is  a  decided  advantage  since  liquid 
lubricants  form  meager  film  thicknesses  under  such  conditions.  Despite  such  advantages,  the 
use  of  M0S2  has  generally  been  restricted  to  low  duty  cycle  applications,  such  as  deployment 
pivot  joints  and  lightly  loaded  bearings,  where  substantial  torque  margins  exist  [3-2]. 

3.1.1  Liquids 

Liquid  lubricants,  primarily  perfluoropolyalkylether  (PFPE)  greases  have  been  the  preferred 
lubricant  for  space  applications  due  to  their  very  low  vapor  pressure,  wide  temperature  range, 
ease  of  application  and  considerable  flight  history.  Their  preference  is  also  due  to  the  past 
unavailability  of  reliable  solid  lubricant  films.  However,  there  are  well  recognized  limitations 
with  PFPE  oils  and  greases,  as  well  as  other  liquid  lubricants.  These  include  the  tendency  to 
migrate  or  creep  out  of  the  bearing  contact  zone  and  the  concern  that  outgassed  volatile 
components  vtill  contaminate  cryogenically  cooled,  infrared  sensors  and  thermal  surfaces. 

Boundary  Lubrication  Perhaps,  the  most  serious  concern  is  that  PFPE  oils  have  poor 
boundary  lubrication  performance  since  it  has  been  difficult  to  introduce  soluble  antiwear 
additives.  In  addition,  PFPE  materials  have  been  found  to  be  chemically  reactive 
(polymerize)  in  rubbing  contact  with  ferrous  and  some  nonferrous  alloys  (e.g.,  see  Carre  [3- 
3].  In  low  speed,  oscillatory  bearing  applications,  resulting  wear  debris  can  adversely  affect 
torque  and  torque  noise  levels.  The  primary  approach  to  combating  PFPE's  poor  boundary 
performance  has  been  to  keep  Hertzian  stresses  low.  In  some  cases,  nonreactive  ceramic  ball 
coatings  such  as  CVD  TiC  have  been  used  [3-4]  ,  but  mostly  for  small,  high  speed  gyro 
bearings.fTest  bearings  with  ceramic  Si3N4  balls  and  balls  sputtered  with  TiN  were 
evaluated  with  a  PFPE  grease.)  Contamination  of  the  oil  with  a  small  amount  of  a  synthetic 
hydrocarbon  oil  containing  antiwear  additives  will  also  help  for  a  time.  The  use  of  other 
types  of  antiwear  additive  containing  synthetic  oils,  such  as  polyalphaolefins  (PAO),  have 
been  also  suggested  for  critical  boundary  lubricant  applications  [3-5].  (Two  pairs  of  test 
bearings  are  lubricated  with  a  cabosil  thickened  PAO  grease  and  two  others  with  a  neopentyl 
ester  grease  with  excellent  boundary  performance).  However,  acceptance  of  these  somewhat 
higher  vapor  pressure  materials  will  hinge  on  the  required  level  of  contamination  control  and 
the  tolerance  to  higher  pour  point  temperatures  (higher  cold  temperature  viscosity). 

Other  factors  Other  shortcomings  of  gimbal  bearing  liquid  lubricants  include  the  difficulty 
of  performing  greatly  accelerated  (speed)  life  tests.  Too  much  of  a  test  speed  increase  will 
shift  the  mode  of  lubrication  from  boundary  to  elastohydrodynamic  (EHD)  and  thereby 
invalidate  the  results. 

A  final  concern  is  tolerance  to  hazardous  environments  such  as  radiation,  extreme 
temperatures,  atomic  oxygen  etc.,  for  SDI  missions.  Liquid  lubricated  bearings  may  require 
special  shielding  and  thermal  control  considerations.  Improving  the  performance  of 
advanced  tribomaterials  for  harsh  space  environments  is  the  thrust  of  another  SDIO  L502 
project.  Understanding  the  long  term  effects  of  extreme  environments  on  tribocomponent 
performance  is  critical  for  mission  reliability. 

3.1.2  Solid  Lubricants 

Solid  lubricant  films,  ceramics,  and  ion  beam  surface  modification  techniques  resolve  many 
of  these  liquid  lubricant  problems  but  introduce  some  new  ones  as  well.  In  oscillatory 
bearings  (both  dry  and  wet)  the  formation  of  debris  at  the  ends  of  ball  travel,  particularly  for 
motions  of  less  than  one  ball  spacing,  has  been  shown  to  produce  significant  "torque  bumps" 
[3-6].  This  is  a  particular  problem  for  bonded  M0S2  films  which  formed  relatively  thick 
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coatings  that  can  shed  large  wear  debris.  In  "hard"  (i.e.,  non-spring)  preloaded,  thin  section 
ball  bearings,  such  as  those  used  for  large  gimbals,  debris  buildup  can  produce  a  serious 
torque  problem.  The  solid  lubricant  film  must  not  only  possess  good  adhesion  to  the  surface 
but  excellent  cohesion  (wear  life)  characteristics  as  well.  This  drives  one  into  the  direction  of 
thinner  films  which  generally  produce  lower  friction  at  the  expense  of  shorter  wear  life. 
Furthermore,  thin  films  are  needed  to  be  compatible  with  the  tight  clearances  in  precision 
gimbal  bearings.  The  most  significant  concern  is  limited  endurance  characteristics  of  the 
earlier  sputter^  M0S2  films  and  their  sudden  "non-graceful"  failure  characteristics. 

Prior  Studies  The  inability  of  M0S2  lubricant  films  to  replenish  themselves,  unlike  liquid 
lubricants,  and  questions  of  durability  have  impeded  their  application  for  long  life  and  torque 
sensitive  space  applications.  Attempts  to  use  only  PTFE  composite  ball  retainers  for  transfer 
film  lubrication  of  the  ball  and  races  produced  excessive  film  buildup  leading  to  high  erratic 
bearing  torque  [3-7].  Matching  retainer  transfer  rates  to  the  wear  rate  of  the  film  deposited  on 
the  bearing  is  critical  to  controlling  the  bearing's  internal  clearance,  preload  and  torque  [3-8]. 
For  example,  Christy  and  Barnett  [3-6]  report  the  use  of  PTFE  composite  retainers  on  scan 
mirror  bearings  for  a  meteorologies  satellite  produced  unacceptable  torque  bumps  at  the  end 
of  travel  due  to  PTFE  film  over-transfer.  A  change  to  a  non  sacrificial  retainer  and  very  thin 
(700  A),  sputtered  M0S2  fihn  reduced  torque  fluctuations  but  adversely  affected  life  margins 
as  the  diin  film  wore  through  [3-9]. 

Similarly,  very  lightly  loaded  instrument  bearings  sputtered  with  M0S2  exhibited  high  torque 
at  the  end  of  test  when  tested  with  non-replenishing,  M0S2  -sputtered  phenolic  and  bronze 
retainers  [3-10].  To  extend  life  without  PTFE  retainers,  Roberts  [3-7]  reported  a  foiu’  fold 
life  increase  by  coating  the  balls  as  well  as  the  races  with  M0S2.  However,  this  life 
improvement  comes  at  the  expense  of  more  than  double  the  torque.  Adding  FIFE  retainers 
boosted  bearing  life  by  a  factor  of  20  and  torque  levels  remained  essentially  unchanged  [3-7]. 
Evidently,  the  PTFE  transfer  film  worked  synergistically  with  the  M0S2  coated  balls  and 
races.  The  average  bearing  torque  was  now  reduced  by  5  to  8  times  compared  with  bearings 
using  only  PTFE  retainers  with  no  film  coatings  [3-7].  Clearly,  a  systems  approach  is 
required  for  achieving  long  life  and  minimum  torque  for  solid  film  lubricated  bearings. 

Flight  Heritage  An  excellent  survey  of  the  current  status  and  future  trends  in  European 
space  tribology  was  prepared  by  Rowntree  and  Todd  [3-11].  Solid  lubricated  bearings  have 
been  used  in  some  European  space  positioning  mechanisms,  due  to  the  extensive  work 
performed  at  the  European  Space  Tribology  Laboratories  in  the  early  1970's.  However,  their 
main  application  have  been  for  non-critical  pointing  applications,  unlike  those  of  interest 
here.  For  example,  Ref.  [3-11]  points  out  that  more  than  2  million  accumulated  flight  hours 
have  been  logged  on  ion-plated  lead,  solar  array  drive  bearings  on  several  European 
spacecraft.  Solid  film  lubricants  are  used  far  less  frequently  on  U.S.  spacecraft  bearings  and 
many  of  these  have  used  bonded,  rather  than  sputtered  films  [3-2].  The  main  spacecraft 
application  of  M0S2  lubrication  has  been  for  release  or  deployment  pivots,  pins  or  springs 
where  the  shortcomings  of  bonded  M0S2  films  are  not  critic^. 

Advanced  M0S2.  films  Advances  in  deposition  techniques  (initially  identified  by  Roberts 
[3-12]  at  the  National  Center  of  Tribology)  lead  to  low  friction  (|4,  <  0.01),  high  density, 
sputtered  M0S2  films  which  offered  promise  for  long  life  in  gimbal  tarings.  Bas^  on  thrust 
bearing  screening  tests  on  a  whole  host  of  solid  lubricant  films,  our  interest  centered  on 
Robert’s  film  in  addition  to  two  others.  Hohman  Manufacturing  &  Plating  Co.  had  a  long 
commercial  history  of  ion-sputtering  M0S2  on  bearings.  They  developed  co-sputtered 
metal/MoS2  films  in  the  late  70's  [3-13].  More  recently,  Ovonic  Synthetic  Materials  Corp. 
developed  a  RF  magnetron  M0S2  film  that  had  been  interlayered  with  gold  or  nickel.  [3-14, 
3-16].  In  addition,  Singer  at  NRL  [3-15]  developed  ion  beam  assisted  deposition  techniques 
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for  densifying  M0S2  films.  However,  the  bulk  of  work  on  these  new  films  has  been 
conducted  with  simple  sliding  tribometers  or  spring-loaded,  thrust  bearing  testers  [3-16]. 
Reliable  torque  and  life  data  for  flight-quality,  rolling  element  bearings  were  lacking. 
Insufficient  data  existed  with  regard  to  the  best  bdl  separator  materials  to  use  with  these  films 
and  their  effect  on  preload  levels  for  bearings  that  can  not  use  a  spring  loading  system.  Little 
was  known  about  how  these  films  effect  the  bearing  torque  signature  as  a  function  of  cycle 
life  or  their  failure  mechanism.  Furthermore,  bearing  data  with  stop/start  oscillatory  motion 
as  generally  required  by  pointing  and  scanning  space  systems  were  unavailable.  Also,  no 
comparative  data  for  liquid  lubricated  bearings  was  available  under  identical  conditions  in 
order  to  judge  relative  performance.  Resolution  of  these  and  other  issues  became  the 
objective  of  the  T/PGD  investigation. 

Producibilitv  From  a  producibility  standpoint,  ease  and  consistency  of  application  of  dry 
lubricants  are  an  important  issue  for  user  acceptability.  Film  performance  is  quite  sensitive  to 
the  control  of  many  sputtering  parameters,  such  as  sputtering  power,  argon  levels,  substrate 
temperature  and  specimen  cleanliness.  Sulphur  content  in  films  will  affect  their 
cohesive/adhesive  character  (e.g.  see  Roberts  [3-7]).  Strict  control  over  processing  is 
therefore  required.  Processing  improvements  and  quality  control  issues  associated  with  these 
films  is  discussed  in  Section  7.  Hohman  has  made  progress  in  improving  their  run-to-run 
consistency.  The  rub  block*  air  and  vacuum  results  of  nearly  50  variable  current  depositions 
are  shown  in  Fig.  3-2.  Note  that  a  few  "poor"  runs  still  occasionally  occur,  but  there  is  still 
the  option  to  strip  the  inferior  coated  parts  and  re-sputter.  Ovonics  films  appear  very  uniform 
in  thickness  from  batch  to  batch,  but  some  variation  in  crystallinity  was  detected  (see  Section 
7.3). 

A  special  problem  with  M0S2  film  coated  races  and  balls  is  the  accurate  setting  of  preload 
and  contact  angle  on  precision  bearings  by  the  bearing  manufacturer.  Setting  preload  gen¬ 
erally  requires  adjustment  grinding  of  the  race  face  stickout  which  can't  be  done  with  M0S2 
films  due  to  the  need  for  grinding  wheel  fluid  coolants.  A  cumbersome  alternative  is  to 
manufacture  multiple  sets  of  balls  in  fine,  say  10x10-6  inch,  diameter  graduations  about  the 
nominal  value  for  fine  preload  adjustment.  In  the  case  of  large  gimbal  bearings  like  the  12 
inch  test  unit,  there  are  104  balls  per  row  or  208  balls  total.  Thus  having  4  or  5  graduated 
sets  of  balls  for  each  bearing  becomes  a  fairly  expensive  proposition,  particularly  if  they 
happened  to  be  M0S2  coated  or  even  more  expensive  ceramic. 


*  Note  that  the  direct  applicability  of  pure  sliding  rub  block  life  data  (adhesive  wear)  to  the  primary 
rollinglmic.ro  sliding  contact  of  a  ball  against  a  race  in  a  bearing  (adhesive  wear)  still  needs  to  be  established. 
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Fig.  3-2  Variable  current  M0S2  +  Sb203  film  consistency  from 
Hohman  rub  block  tests  in  air  and  vacuum 

Humidity  It  is  well  known  that  the  performance  of  M0S2  films  is  adversely  affected  by 
the  moisture  in  the  air  (e.g.,  see  Roberts  [3-7]).  This  is  illustrated  in  Hohman's  sliding  tests 
shown  in  Fig.  3.2.  Poor  tribological  performance  in  air  limits  ground  testing  of  gimbals, 
although  does  not  necessarily  jeopardize  on-orbit  performance.  The  more  moisture  resistant 
M0S2  films  would  also  be  more  immune  to  increased  friction  upon  start  up  after  long  periods 
of  inactivity,  due  to  the  presence  of  small  amounts  of  residud  water  vapor.  Although  not 
specifically  tested,  the  more  densified  films  and  those  interlayered  would  likely  be  much  less 
sensitive  to  moisture  than  the  older  sputtered  films. 

Retainer  material  When  solid  lubricant  films  are  thin  (~  1  jim  or  less),  there  is  the 
question  of  wear-through.  The  need  for  a  replenishment  or  transfer  film  mechanism,  such  as 
a  PTFE  composite  sacifficial  ball  separator,  becomes  a  consideration.  Matching  the  retainer 
material  transfer  rate  to  the  race  film  wear  rate  to  maintain  an  equilibrium  thickness  is 
difficult.  Too  much  transfer  increases  film  thickness,  bearing  preload  and  thus  torque.  Too 
little  transfer  increases  wear  and  wear  debris.  Grease  thickener  buildup  in  low  oscillatory 
bearing  contacts  can  also  be  a  concern. 

Furthermore,  the  friction  of  a  non  liquid  lubricated  ball  against  a  dry  retainer  pocket  will  be 
significant.  If  the  ball  pocket  friction  is  high,  then  bearing  torque  and  torque  ripple  will  also 
be  high  even  if  the  ball  race  fiiction  is  low.  For  this  reason,  a  special  low  speed,  friction  tests 
of  potential  bearing  retainer  materials  were  conducted  at  Battelle  [3-17]  under  a  subcontract 
from  LMSC. 
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Toroids  of  polyimide+MoS2  (Vespel),  teflon  (Duroid),  bronze+teflon+MoS2  composite 
(Salox)  and  steel  sputtered  with  a  M0S2+  Sb203  film  were  tested  either  dry  or  lubricated 
with  a  PFPE  grease  (Bray  600).  (Toroids  around  every  other  ball  have  been  successfully 
used  as  ball  separators  on  several  ofLMSC’s  gimbal  bearings).  Ball  loads  were  varied  from 
50  to  200  gms  at  15  rpm.  The  friction  from  the  ball  contact  against  the  toroid's  outside 
diameter  versus  contact  with  the  inside  diameter  was  separately  measured.  The  results  of 
these  tests  are  summarized  in  Fig.  3-3.  Measured  friction  levels  with  grease  lubrication  were 
significantly  less  than  those  that  were  dry,  as  expected.  However,  the  self  lubricating  Salox 
material  did  achieve  relatively  low  friction  levels  (|J.  <0.10)  for  some  of  the  tests.  Good 
ftiction  performance  was  also  achieved  with  the  M0S2  coated  steel  retainer,  although  coating 
wear  through  occurred  in  one  test  after  only  8  minutes  of  running.  Even  with  no  wear 
through,  the  M0S2  coated  steel  retainer  showed  a  relatively  large  wear  area,  making  it  a 
risky  choice  for  long  life.  The  Vespel  friction  was  comparable  to  Salox  for  the  OD  tests,  but 
was  significantly  larger  for  the  E)  test.  Contact  load,  over  the  range  tested,  seemed  to  have 
little  effect  on  the  friction  coefficient. 


j  50  to  200  grams  at  15  rpm 

PFPE  Greass/Br-PTFEflD 
PFPE  Grease/Br-PTFE/OD 
PFPE  Grease/PoSyimlde/SD 
PFPE  Greese/Folyimide/OD 
Bronz®/PTFE/MoS2/ID 
Bronz©/PTFE/^oS2/OD 
POLYiMIDE+MoS2/lD 
POLYIMIDEi.MoS2/OD 
MoS2-StGel/ID 
MoS2-Ste©i/OD 

0 

Fig.  3-3  Results  from  retainer  material  friction  tests  by  Battelle 

Based  on  the  Battelle  results  and  prior  experience,  the  M0S2  lubricated  test  bearings  were 
evaluated  with  four  retainer  materials:  Vespel,  Salox,  Duroid  (a  glass  reinforced  teflon 
material)  and  Vespel  retainers  sputtered  with  M0S2  film  (a  less  abrasive  material  than  steel  in 
the  event  of  coating  wear  through). 
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3.2  BENEFITS  WITH  IMPROVED  TRIBOCOMPONENTS 


Benefits  with  improved  lubricants  and  gimbal  bearings  will  have  significant  impact  on 
mission  performance  in  a  number  of  areas.  Recognizing  that  SDI  ^mbals  bearings  are  single 
point  failure  items,  extending  bearing  cycle  life  through  better  tribomaterials  will  relax  die 
need  to  limit  payload  operational  cycles  for  a  given  mission  life  or  the  need  for  on-orbit 
replacement.  Since  many  of  the  sensors  on  these  vehicles  have  stringent  jitter  requirements, 
reduction  of  gimbal  bearing  torque  disturbances  through  better  tribo-components 
(lubricants/bearings)  or  advanced  tearing  concepts  such  as  the  LMSC  Hybrid  Flexure 
Bearing  (see  Section  8.4)  will  increase  jitter  margins  and  reduce  the  workload  of  fast  steering 
mirrors.  In  the  cases  where  jitter  levels  can  be  substantially  reduced  at  the  gimbal  level,  the 
reduction  of  the  number  of  fast  steering  mirrors  or  their  complete  elimination  is  possible. 
This  would  have  a  significant  payback  in  reduction  of  electronic  complexity,  cost,  and 
reliability. 

Extension  of  tearing  lubricant  temperature  and  radiation  operational  capabilities  through  the 
use  of  advanced  M0S2  film  lubricants  would  have  a  direct  payback  in  terms  of  reducing  the 
need  for  shielding  and  active  thermal  control  systems  in  order  to  meet  survivability 
requirements  from  hostile  attack.  Potential  degradation  of  optical  sensor  performance  will 
benefit  from  a  reduction  of  lubricant  outgassing  constituents,  although  these  may  be  rela¬ 
tively  small  compared  to  other  sources  of  contamination. 

Enhancing  the  tearing  lubricant's  ability  to  resist  torque  degradation  during  long  periods  of 
inactivity,  would  be  of  large  benefit  for  spacecraft  like  BE  which  must  quickly  spring  into 
action  after  long  periods  of  dormancy.  Improvements  for  both  M0S2  film  and  liquid 
lubricants  are  sought  in  this  area. 

3.3  PROGRAM  DESCRIPTION 

In  recognition  of  these  factors,  LMSC,  under  SDIO  contract  SDIO84-89-C-()028,  formulated 
a  three  phase  program  described  below. 

Description  Period  of  Performance 

Phase  I  Component  Design  Study  4  months 

Phase  II  Component  Level  Demonstration  36  months 

Phase  III  (Option)  Gimbal  Level  Demonstration  24  months 

The  major  program  objectives  were  to: 

(1)  Identify  (Phase  I)  and  screen  (Phase  H)  the  test  tribomaterial  candidates 

(2)  Demonstrate  performance  and  life  benefits  in  tearing  component  level  (Phase  II) 
then  gimbal  level  (option.  Phase  HI)  hardware 

(3)  Evaluate  the  performance  of  LMSC's  innovative  Hybrid  Flexure  Bearing 

(4)  Insert  enabling  T/PGD  technology  into  SDI  spacecraft  gimbals  in  time  to  impact 
designs 

(5)  Provide  a  mechanism  to  transfer  this  technology  to  U.S.  commercial  bearing  and 
tribomaterial  producers. 
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The  two  phase  effort  is  illustrated  pictorially  in  Fig.  3-4.  In  Phase  I,  candidate  solid  and 
liquid  lubricants  were  evaluated  in  relation  to  SDI  mission  requirements.  Bearing  preliminary 
design  specifications  were  prepared.  A  Phase  n  test  plan  was  also  prepared  as  well  as  a  plan 
to  insert  this  technology  into  SDI  programs.  In  addition,  Lockheed  funded  thrust  bearing 
tests  were  conducted  to  provide  early  screening  test  data  on  candidate  tribomaterials. 

In  the  current  Phase  H,  improved  liquid  and  M0S2  technology  were  competitively  evaluated, 
first  at  the  screening  test  level  and  later  at  the  full  scale  bearing  level  (see  Fig.  3-4).  The  main 
Phase  II  output  is  a  substantial  data  base  for  precision,  life-tested  bearings  having  advanced 
tribomaterids.  An  additional  product  of  this  activity  was  the  development  of  production 
methods  for  sputtering  M0S2  films  on  to  flight  bearings. 


The  Phase  II  tests  consist  of  screening  tests  to  determine  the  optimum  lubricant/retainer/ball 
material  combination.  The  best  dry  and  liquid  lubricants  are  to  be  applied  to  medium  and 
large  size  flight  quality  bearings.  Performance  and  life  tests  were  then  conducted  to  determine 
torque  characteristics  and  life  performance.  The  test  data  were  also  used  to  enhance  the 
fidelity  of  detailed  bearing  disturbance  simulation  models  (Fig.  3-5).  Gimbal/bearing 
simulation  studies  with  these  bearing  models  were  conducted  to  provide  the  potential  user 
with  expected  gimbal  performance  benefits  from  the  new  technology. 


The  optional  Phase  III  system  tests  are  to  incorporate  bearings  having  advanced 
tribomaterials  into  full  scale  gimbals  to  provide  confirmation  of  the  expected  benefits.  In  this 
regard,  azimuth  and  elevation  axis  gimbals  are  to  be  designed  and  instrumented.  A  series  of 
pointing,  jitter  and  repeatability  tests  are  to  be  performed.  Bearing  structural  stiffness  and 
gimbal  modal  frequencies  are  also  to  be  determined.  Comparisons  with  performance 
predictions  fi'om  gimbal  simulations  are  to  be  made. 


Fig.  3-5  Bearing  life  and  performance  tests  in  Phase  II 
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Section  4 


SDI  GIMBAL  APPLICATIONS 


At  the  beginning  of  Phase  II  Lockheed  had  the  prime  responsibility  for  gimbal  design  and 
performance  of  four  major  SDI  gimbals:  BSTS,  SSTS,  Starlab  and  Ground  Based  Free 
Electron  Laser.  Of  these,  the  flight  gimbals  in  BSTS  and  SSTS,  identified  in  Fig.  4-1,  had 
the  most  demanding  requirements. 

The  Long  Wave  Infrared  (LWIR)  sensor  gimbal  on  SSTS  and  the  visible/ultraviolet  (VAJV) 
sensors  on  SSTS  and  BSTS  Payload  Two  put  great  demands  on  the  gimbal  performance. 
(Many  similar  demands  are  anticipated  for  the  BE  and  BP  spacecraft).  Servo-mechanism 
challenges  include: 

•  high  pointing  accuracy  and  jitter  stability 

•  large  sensor  payloads 

•  high  servo  bandwidths 

•  light,  but  stiff  gimbal  structures 

•  rapid  retargeting 

•  quick  resettling  time 

•  need  for  ultra-low  jitter  disturbance  feedback  into  sensor  platforms 

•  constant  surveillance  for  7  years  or  more 

•  extended  periods  of  standby,  then  rapid  activation 

•  survivability  in  hostile  environment 

Exact  values  for  most  of  these  parameters  are  currently  classified,  but  they  are  consistent  with 
the  very  best  gimbal  technology  that  can  now  be  provided. 

Low  torque  and  torque  ripple  under  boundary  lubrication,  up  to  15  million  stop/start  cycles 
for  gimbal  reversals,  short  resettling  times,  rapid  retargeting  scan  rates  after  possible  long 
periods  of  dormancy,  and  the  use  of  cryogenic  infrared  optics  severely  hampers  the  use  of 
today's  space  qualified  liquid  lubricants  in  certain  SDI  gimbal  applications.  When  this  is 
coupled  with  the  awareness  that  the  bearings  represent  a  mission  threatening,  single  point  of 
failure,  the  need  to  investigate  improved  tribomaterials  becomes  even  more  apparent. 

4.1  SVS  GIMBAL 

Early  in  Phase  II,  the  flight  program  schedule  of  the  SSTS  Validation  Satellite,  SVS,  was 
found  to  be  very  compatible  with  that  of  the  T/PGD  program.  A  coordinated  program  to 
transfer  flight  gimbal  bearings  with  advanced  tribomaterials  for  the  SVS's  Long  Wave 
Infared  Sensor  5-WIR)  was  established.  The  plan  was  to  competitively  life/performance  test, 
advanced  ultra  low  friction  M0S2  film  azimuth  and  elevation  axis  bearings  against  bearings 
lubricated  with  bench  mark  "standard"  space  greases  and  furnish  flight  bearings  with  the 
"winning"  lubricant  to  the  program  in  the  May  1992  time  frame. 
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BSTS  SSTS 


Fig.  4-1  Criticai  BSTS  &  SSTS  Gimbals 
4.1.1  Critical  Gimbal  Drivers 

Major  performance  and  reliability  drivers  for  SVS  gimbals  appear  in  Fig.  4-2.  These  are  also 
generally  applicable  to  other  spacecraft  gimbals  as  well.  Since  constant  surveillance 
over  7+  years  was  the  primary  mission  of  SVS  and  since  many  of  the  sensors  were  nearly  in 
continuous  use  during  most  of  the  mission  life,  the  life  of  the  bearing  assemblies  becomes  a 
prime  concern.  Sensor  imaging  and  infrared  targeting  requirements  demand  low  torque 
induced  jitter  imposed  by  bearings.  This  is  especially  important  since  sensors  must  operate  at 
the  same  time  while  gimbaling.  Some  of  the  sensors  are  on  active  standby  for  long  periods 
of  time,  requiring  that  lubricant  performance  not  degrade  during  long  period  of  dormancy. 
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Fig.  4-2  SVS  (SSTS)  Gimbal  Design  Drivers 

Difficult  pointing  and  tracking  requirements  encompass  not  only  gimbal  line  of  sight  (LOS) 
errors  but  knowledge  of  the  target  position  with  reference  to  inertial  space.  Maximum 
allowable  focal  plane  jitter  levels  are  a  direct  function  of  pixel  size  and  disturbance  frequency, 
as  shown  in  Fig.  4-3  for  a  typical  sensor.  Note  that  allowable  jitter  is  much  more  restrictive  at 
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the  higher  frequencies,  beyond  the  frequency  band  width  of  the  gimbal  servo  loop.  Thus, 
even  relatively  low  amplitude  bearing  disturbances  may  be  objectionable  if  they  occur  in  the 
mid  to  high  range  frequency  region.  The  critical  gimbal  reliability  column  in  Fig.  4-2 
identifies  those  gimbals  where  bearings  are  single  point  failure  items  for  which  loss  or 
serious  degradation  of  mission  performance  is  likely.  In  the  case  of  antennas.  Control 
Moment  Gyros  (CMG),  redundant  units  allow  failure  of  at  least  one  single  element  without 
jeopardizing  function.  Power  and  weight  improvements  are  also  sought.  Reduction  in 
power  consumption  reduces  demands  on  both  solar  arrays  and  battery  storage  and  thus 
benefits  both  cost  and  weight.  Finally  optical  surfaces,  particularly  those  cryogenically 
cooled  such  as  the  LWIR  sensor,  require  freedom  from  particulate  and  vapor  contamination 
from  not  only  lubricants  but  other  surrounding  spacecraft  structural  materials  and  propulsion 
devices. 


Fig.  4-3  Typical  allowable  focal  plane  disturbance  levels 


4.1.2  Gimbal  Bearing  Design  Requirements 

The  original  technology  insertion  objective  was  to  provide  flight  quality  bearings  with 
advanced  tribomaterials  for  the  first  SSTS  flight  vehicle.  Test  bearing  design  was  therefore 
based  on  the  SSTS  gimbal  concept  shown  in  Fig.  4-4. 

Derived  bearing  requirements  are  summarized  in  Fig.  4-5.  The  gimbal  was  supported  by 
azimuth  bearings  that  are  mounted  to  a  stationary  shaft,  end-mounted  to  the  main  spacecraft 
bus  (stable  section).  Shaft  bending  stiffness  of  the  bearing  assembly  became  a  key  driver  in 
meeting  launch  and  on-orbit  stiffness  frequency  minimums.  The  azimuth  bearing  size  and 
preload  were  selected  to  meet  both  launch  load  and  stiffness  requirements.  Fig.  4-6  shows 
the  trade  between  acceptable  stiffness  and  drag  torque.  The  selected  11  x  12  "  azimuth 
bearing  pair  had  an  axial  stiffness  of  «  0.8  million  Ib/in  and  a  radial  stiffness  of  «  5  million 
Iby^in  at  tile  nominal  200  lb  preload.  This  bearing  was  the  same  size  as  a  flight  gimbal  bearing 
from  another  Lockheed  program,  so  that  comparative  life  and  performance  test  data  were 
available.  A  finite  element  model  of  the  SVS  primary  structure  showed  that  the  on-orbit 
modes  of  the  selected  azimuth  bearing  and  shaft  assembly  met  or  exceeded  the  required  10 
Hz  frequencies,  as  illustrated  in  Fig.  4-7. 


Fig.  4-4  SSTS  Gimbal  assembly  showing  azimuth  &  elevation  bearings 


AZIMUTH  AXIS 

•  FIELD  OF  REGARD:  ±  135  DEG 

•  SLEW  RATE:  0.1  TO  6  DEG/SEC 

•  RATE  JITTER:  CLASSIFIED 

•  LIFE  (7  YEARS)  :  10  MILLION  REVERSALS 

ELEVATION  AXIS 

»  FIELD  OF  REGARD:  0  TO  90  DEG 

•  SLEW  RATE:  0.5  DEG/SEC 

•  RATE  JITTER:  CLASSIFIED 

TRIM  CONTROL 

•  ROLL  CONTROL  OF  STABLE  SPACECRAFT  PLATFORM 

•  COMPENSATION  FOR  BEARING  TORQUE  &  JITTER 

LWiR  PAYLOAD 

•  MASS:  971  KG 

•  INERTIA:  XX=  365  KG-M^2 

STIFFNESS  REQUIREMENTS 

•  LAUNCH  LOADS:  15  g‘s  AXIAL  &  LATERAL 

•  ON  ORBIT  FREQUENCIES:  1 0  HZ  MIN 

•  STOWED  FREQUENCIES:  15  HZ  MIN  AXIAL,  10  HZ  MIN  LATERAL 
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Fig.  4-6  Azimuth  bearing  preload  trade 


The  elevation  axis  bearing  was  sized  in  a  similar  fashion,  viz.  to  meet  load  and  stiffness 
requirements  in  the  smallest  package  and  provide  the  lowest  torque.  Bearings  of  5.5  inch 
bore  by  7  inch  outside  diameter  were  found  to  meet  these  objectives. 
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Fig.  4-7  SVS  On-orbit  modes  meet  10  Hz  requirement 
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4.2  BRILLIANT  EYES 


The  Brilliant  Eyes  (BE)  Satellite  was  added  to  the  SDIO  architecture  in  the  fall  of  1989.  Its 
mission  was  one  of  mid-course  booster  detection  and  tracking,  to  complement  the  Brilliant 
Pebbles  (BP)  Satellite  constellation.  From  a  tribological  point  of  view,  the  key  concerns  are 
similar  to  SVS  in  that  low  bearing  jitter  and  good  antenna  pointing  accuracy  are  important. 
However,  BE’s  long  periods  of  dormancy  adds  the  burden  that  the  various  gimbal  bearings 
must  respond  to  rapid  targeting  demands  after  long  periods  of  inactivity  or  very  small 
motion.  Also,  the  spin  bearings  in  the  4  CMG  units  must  be  able  to  quickly  ramp  up  in  speed 
for  battle  maneuvers  from  their  normal  idle  speed.  The  bearings  in  the  CMG  gimbals  will 
also  have  to  respond  quickly  after  long  periods  of  inactivity. 

The  antenna  bearings  (Fig.  4-8)  associated  with  BE  will  be  on  the  same  size  order  as  the  25 
mm  bore  diameter  screening  bearings  now  on  test.  The  switch  from  SSTS  to  BE  came  late  in 
the  procurement  cycle  for  flight  quality  bearings.  However,  7  pairs  of  a  smaller,  elevation 
axis  bearing  (3.3  x  5. 1  inch)  were  procured  to  replace  the  5.5  x  7  inch  bearings,  ear  marked 
for  the  full  scale  life  and  functional  tests.  These  replacement  bearings  have  exceptional 
geometric  accuracy  and  surface  finish  (better  than  AFBMA  class  7  precision).  Thus,  with  the 
current  11  x  12  inch  bearing,  the  test  data  to  be  obtained  in  Phase  II  will  be  applicable  to  a 
wide  range  of  SDI  systems  from  a  BE  and  BP  class  satellite  up  to  a  GSTS  size  vehicle. 


ELEVATION 


Fig.  4-8  Antenna  gimbal  angles  for  early  monolith  BE  spacecraft 
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4,3  TEST  PARAMETERS 


4.3.1  Bearing  Size 

Three  sizes  of  test  bearings  were  selected  to  be  able  to  quantify  the  effects  of  bearing  size  on 
both  film  performance  and  film  quality  control.  Although  limited  test  data  had  been  obtained 
on  these  new  high  density  films  on  small  bearings,  no  test  data  were  available  on  bearings  of 
the  size  needed  for  the  larger  SDI  payload  gimbals.  A  comparison  of  the  three  sizes  of  test 
bearings  with  those  proposed  for  the  BE  gimbals  is  shown  in  Fig.  4-9.  The  test  bearings 
envelope  the  sizes  anticipated  for  the  BE  gimbals,  although  the  cross  section  of  the  middle 
size  bearing  is  larger  than  that  normally  used  for  space  gimbals.  This  was  due  to  the  non¬ 
availability  of  flight  quality  test  bearings  of  this  size  needed  to  support  the  test  schedule. 


COMPARISON  OF  TEST  BEARINGS  WITH  BE  GIMBAL  BEARINGS 


Fig.  4-9  Comparison  of  Test  and  Gimbal  Bearing  Sizes 
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4.3.2  Test  Cycle 

A  composite  gimbal  motion  duty  cycle  was  selected  for  the  test  in  the  interest  of  making  the 
bearing  life  data  as  widely  useful  to  as  many  gimbal  applications  as  possible.  For  the  105- 
size  (=  2  inch  OD)  screening  bearings,  the  test  cycle  consisted  of  a  search  mode  of  50,000 
continuous  revolutions  at  1  Hz  (1  rev/sec),  followed  by  100,000  cycles  of  ±  80  degs  of  wide 
angle  scan  at  1  Hz  and  then  50,000  cycles  of  ±  10  degs  of  small  angle  pointing  at  2  Hz.(see 
Fig.  4-10).  This  gimbal  cycle  repeated  continuously  through  out  the  test.  The  360  deg 
rotations  are  consistent  with  an  acquisition  sensor  executing  a  360  deg  search  pattern.  The  ± 
80  degs  of  motion  allowed  for  at  least  2  ball  overlap  contacts  in  each  direction  (6  stress 
contacts  per  full  cycle).  It  is  consistent  with  an  acquisition  sensor  gimbal  doing  a  raster  scan 
track.  The  ±  10  degs  of  motion  permits  no  ball  track  overlap  and  thus  represents  a  small 
angle  dither  type  motion.  Such  motion  is  common  for  pan/tilt  mirrors  such  as  those  on 
weather  satellites.  A  concern  for  bearing  motions  that  do  not  span  at  least  one  ball  spacing  is 
the  occurrence  of  debris  build  up  at  end  of  travel.  This  can  create  "torque  bumps"  when  the 
gimbal  is  commanded  to  point  to  a  new  sector  as  the  bearing  balls  ride  up  over  this  debris. 
Thus  the  chosen  test  cycle  is  reflective  of  a  wide  variety  of  gimbal  scan  motions.  Stop/start 
gimbal  motion  is  particularly  demanding  for  bearings  since  lubricant  redistribution  is 
generally  nonuniform. 

The  gimbal  angles  for  the  grease-lubricated  105-size  bearing  was  the  same  as  that  shown  in 
Fig.  4-10,  but  the  cycle  rates  were  reduced  (see  Fig.  4-1 1)  to  keep  the  bearing  lubrication 
condition  primarily  in  the  boundary  regime.  This  is  consistent  with  low  speed  gimbal 
operation,  whereas  higher  tests  speed  would  provide  primarily  elastohydrodynamic  (EHD) 
lubrication  which  could  artificially  benefit  bearing  test  life.  The  general  rule  of  thumb  is  to 
keep  the  Lambda  ratio  (EHD  minimum  film  thickness/RMS  of  surface  composite  roughness) 
well  below  one  for  boundary  lubrication.  As  illustrated  in  Fig.  4-12,  the  stop-start  nature  of 
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Fig.  4-10  Test  duty  cycle  for  lOS-size  M0S2  test  bearings 
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105-Size  BEARING  LIFE  TEST-MoS2  Lubricated 
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117-Size  BEARING  LIFE  TEST  -  MoS2  Lubricated 
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11X12  BEARING  LIFE  TEST-  l\/loS2  Lubricated 
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11X12  BEARING  LIFE  TEST- Grease  Lubricated 
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Fig.  4-11  Summary  test  duty  cycle  for  all  test  bearings. 
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gimbaling  assures  boundary  lubrication  for  a  substantial  period  of  test  time.  Cycles  rates  for 
all  the  liquid  lubricated  test  bearings  (see  Fig.  4-11)  were  set  so  that  Lambda  ratios  at  even 
the  peak  velocities  never  exceed  one.  The  test  cycle  for  the  larger  1 17-size  (==  5  inch  OD)  and 
12  inch  OD  bearings  were  similar  to  that  of  the  105-size  bearing,  except  that  the  continuous 
rotation  segments  were  deleted.  This  is  in  recognition  that  the  BE  payload  gimbals  were 
primarily  scanning  and/or  targeting  rather  than  continuously  rotating. 


Fig.  4-12  105-size  test  bearings  spend  large  percentage  of  time  in 
boundary  lubrication  regime  (low  Lambda  ratio) 


4.3.3  Comparison  with  B.E.  Duty  Cycle 

The  B.E.  gimbals  were  active  between  15  and  25%  of  the  time  based  on  all  orbits.  When  not 
in  a  surveillance  or  targeting  mode,  the  remainder  of  the  time  was  spent  in  a  standby  mode. 
The  bearing  cycle  life  for  each  payload  gimbal  was  determined  by  integrating  the  total  slew 
during  active  duty.  The  cycle  life  was  converted  to  ball/race  crossings  or  stress  cycles  to 
account  for  differences  in  the  number  of  bearing  balls  and  gimbal  motions  between  the  B.E. 
bearings  and  those  used  for  the  tests. 

A  comparison  between  required  B.E.  bearing  life  and  those  achieved  during  test  can  be  found 
in  Fig.  4-13.  Comparing  bearings  of  similar  size,  the  test  bearing  lives  generally  exceeded 
those  required  except  for  the  4.75  inch  OD,  Payload  2  Azimuth  bearing  which  had  nearly  3 
times  the  ball/race  stress  cycles  of  the  other  BE  bearings.  Only  the  105-size  («  2  inch  OD) 
and  12-inch,  grease  lubricated  test  bearings  had  lives  which  were  long  enough. 
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Life  in  Millions  of  Ball/Race  Stress  Cycles 
Comparison  of  Test  and  Gimbal  Bearing  Application  Lives 


4.4  TEST  BEARING  MANUFACTURE 


4.4.1  Accuracy 

To  achieve  the  high  level  gimbal  perfomiance  sought  under  this  program  requires  not  only 
the  best  tribomaterials  technology  but  the  state-of-the  art  in  bearing  manufacturing  technology 
as  well.  Careful  attention  to  runout,  surface  waviness  (lobing),  preload  control  and  internal 
geometry  are  mandatory.  A  case  in  point  are  the  5-inch  OD  bearings  now  on  hand.  A  typical 
transverse  cross  race  curvature  profile  and  race  deviation  from  true  circularity  (DFTC)  plot 
appear  in  Figs.  4-14  and  4-15,  respectively  for  one  of  the  outer  races.  The  peak  to  valley 
cross  race  curvature  deviation  is  26  ]X  in.,  transverse  roughness  3  jJ.  in.  RMS  and 
circumferential  lobbing  (DFTC)  is  less  than  19  )I  in.  In  addition,  the  bearing  bore  and  outside 
diameters  of  this  bearing  were  grouped  to  within  50  |a.  inches  from  bearing  to  bearing.  These 
numbers  are  extremely  good  for  a  bearing  of  this  size.  Complete  acceptance  data  packages 
were  obtained  for  all  5-  and  12-inch  test  bearings. 
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Fig.  4-14  Typical  cross  race  curvature  data  for  the  5  inch  test  bearing 


Fig.  4-15  Typical  race  circularity  plot  for  5  inch  test  bearing 
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4.4.2  Test  Rings 

Additional  manufacturing  considerations  include  accommodation  of  the  solid  lubricant 
coating  thickness  in  terms  of  internal  clearance  control,  preload  (stickout),  and  contact  angle. 
As  an  example,  a  nominal  solid  lubricant  thickness  of  1  |.tm  or  ().()()()()4()  inch  on  the  inner 
and  outer  races  of  the  12-inch  OD  bearing  can  increase  normal  preload  by  =  70  lbs,  more 
than  1/3  the  initial  preload.  Special  preload  adjustments  were  used  to  ensure  that  the  M0S2 
film  lubricated  and  grease  lubricated  bearings  have  essentially  equal  preloads.  These 
individual  bearing  adjustments  are  necessary  to  compensate  not  only  for  variation  in  ball-race 
track  diameter  but  solid  lubricant  film  thicknesses  as  well.  First,  the  bearings  were  mounted 
in  precision  test  rings  that  simulate  the  equivalent  radial  stiffness  and  expected  fits  of  the  shaft 
and  housing  of  the  chosen  gimbal.  This  is  necessary  since  the  unmounted  preload  of  a 
bearing  as  supplied  by  the  bearing  vendor  will  change  when  installed  in  the  actual  gimbal 
mounting  structure.  In  the  case  of  12-inch  bearings,  precision  test  rings  were  manufactured 
and  furnished  to  the  bearing  vendor  to  control  the  installed  preload  to  spec.  These  precision 
gage  rings  were  manufactured  to  diametral  tolerance  of  less  than  100  fa  inch  over  a  11  or  12 
inch  diameter  (see  Table  4-16).  The  correctly  preloaded  bearing  cartridges  can  then  be 
conveniently  mounted  into  the  life  and/or  parametric  bearing  test  fixtures.  A  similar  approach 
was  adopted  with  the  5-inch  OD  bearing,  except  the  bearings  were  matched  and  mounted  to 
test  rings  at  Lockheed.  In  some  cases  it  was  necessary  to  replace  the  balls  with  incrementally 
larger  or  smaller  balls  to  achieve  unifomiity  of  preload  from  bearing  to  bearing.  A  special 
bearing  preload  and  stiffness  fixture  was  built  for  this  purpose. 

Table  4-16  Typical  diametral  tolerances  of  test  rings  at  different 
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4.4.3  Bearing  Specification 

Detail  bearing  specifications  were  prepared  for  both  5-inch  and  12-inch  O.D.  test  bearings. 
The  12-inch  bearing  document  contain  detailed  manufacturing  specifications,  bearing 
dimensions  and  quality  assurance  provisions  (acceptance  criteria  and  verification  matrix) 
consistent  with  flight  bearings,  as  required  for  space  flight  applications.  Required  measured 
bearing  parameters  for  acceptance  included:  bearing  preload,  contact  angle,  breakaway/ 
running  torque,  axial  stiffness,  angular  runout,  surface  finish,  transverse  curvatures,  and 
actual  critical  dimensions.  The  5-inch  bearing  specification  was  to  set  to  match  that  of  a 
commercial  precision  class  7-9  bearing,  having  a  separable  inner  race.  Seven  duplex  pairs  of 
this  bearing  were  available  with  relatively  short  lead  times.  The  bearing  came  with  complete 
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dimensional  certifications  including  preload,  deviation  from  true  circularity,  surface  finish, 
transverse  curvatures,  and  actual  critical  dimensions.  All  test  bearings  were  again 
functionally  tested  at  LMSC  to  determine  torque  signatures,  preload,  axial  stiffness  and 
angular  runout  prior  to  life  testing.  This  was  done  to  confirm  installed  performance  of  the 
bearings  when  mounted  in  rig  hardware  and  to  establish  a  beginning-of-life  basis  for  post-life 
comparisons. 

4.5  WEAR  LIFE  MODEL 

In  the  interest  of  applying  life  test  data  for  a  bearing  of  one  size,  load,  and  motion  to  another 
bearing  for  a  different  application,  it  is  desirable  to  develop  a  model  which  relates  the 
fundamental  film  and  bearing  parameters  to  life.  Also  modeling  the  effect  of  contact  stress  on 
life  was  needed  to  account  for  the  unavoidable  variations  in  preload,  hence  contact  stress,  of 
test  bearings  having  M0S2  films  of  differing  thicknesses  and  those  with  M0S2  films  on  the 
balls. 


The  starting  point  is  the  well  known  Archard  wear  life  equation  for  adhesive  wear  given  in 
Fig.  4-17.  These  equations  relate  material  hardness,  load  and  the  material  wear  coefficient  to 
wear  rate  for  a  sliding  continuous  contact,  such  as  a  pin  on  a  disk. 


MoS2  ADHESIVE  WEAR  MODELING 


_CONTINUOUS  CONTACT  _ 
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Fig.  4-17  Continuous  contact  wear  model 
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However,  a  bearing  ball  rolling  over  a  race  coated  with  an  M0S2  film  is  an  example  of  a  non- 
continuous  contact  problem.  This  is  equivalent  to  a  hard  pin  sliding  over  a  soft  surface  as 
illustrated  in  Fig.  4-18.  The  wearing  surface  is  now  sensitive  to  the  number  of  the  times  the 
hard  pin  slides  over  the  same  spot.  The  wear  rate  and  subsequently  number  of  cycles  to 
failure  can  be  related  to  coating  thickness,  hardness,  load,  %  slip  and  number  of  passes  or 
contacts  per  cycle  as  shown.  Note  that  theoretically  life  is  inversely  related  to  load  to  the  2/3 
power.  However,  pin-on-disk  test  data  from  Roberts  [4-1]  (see  Fig.  4-19)  as  well  as 
Hohman  rub  block  data  (see  Fig.  4-20)  show  that  M0S2  film  life  is  more  strongly  effected  by 
load,  approximately  to  the  1.4  power. 

Therefore  adjusting  the  load-life  exponent  based  on  experimental  data,  we  get  the  following 
M0S2  film  life  model  as  shown  in  Fig.  4-21.  Note  that  a  reverse  scanning  life  knock  down 
factor  0  has  been  included  to  account  for  the  expected  damaging  effect  of  reverse  shear 
stress  during  gimbaling.  The  life  model  is  based  on  M0S2  sliding  wear  life  alone  and  does 
not  consider  the  effects  of  a  replenishing  transfer  film  from  the  ball  retainer. 


NON-CONTINUOUS  CONTACT 
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Fig.  4-18  Bearing  M0S2  film  wear  model 
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Fig.  4-19  Roberts  M0S2  film  load-life  Data  [4-1] 
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From  Test  Data 
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Fig.  4-21  Hohman  M0S2  film  load-life  data 


Fig.  4-22  illustrates  the  effect  of  axial  load  and  ball  number  on  theoretical  life  for  the  105 
size  test  bearings  at  ±  45  deg  stroke.  Note  that  bearing  preload  will  have  a  noticeable  effect 
on  life.  It  is  instructive  that  cutting  the  number  of  bearing  balls  in  half  from  12  to  6 
significantly  increases  contact  stress  but  has  a  more  modest  effect  on  life.  This  is  because 
reducing  the  number  of  balls  also  reduces  the  number  of  stress  cycles  each  spot  on  the  inner 
and  outer  race  thereby  partially  offsetting  the  increased  stress  effect  on  life. 
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Fig.  4-22  Hohman  M0S2  film  load-life  data 
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Section  5 


PHASE  II  BEARING  TESTS 

The  work  to  be  performed  under  the  T/PGD  program  is  to  provide  a  test  data  base  to 
establish  that  tribomaterial  technology  :  (a)  provides  significant  performance/life  advantages 
over  today's  materials  and  (b)  is  sufficiently  mature  to  warrant  use  in  critical  space  flight 
gimbals. 

These  objectives  are  satisfied  by  : 

(1)  Running  a  statistically  significant  number  of  advanced  vs.  conventional  lubricant, 
precision  bearing  screening  tests  under  simulated  space  gimbal  conditions. 

(2)  Developing  bearing  life  and  performance  models  for  user  assessment  that  have  been 
validated  with  hard  test  data. 

(3)  Proving,  through  test,  that  advanced  tribo  film  producers  can  consistently  coat  flight 
quality  bearings  of  various  sizes. 

(4)  Establishing  the  expected  gimbal  performance  payoffs  with  better  tribo  bearings  for  the 
user’s  specific  application  from  an  experimentally  validated  gimbal/bearing  simulation. 

This  section  described  the  results  of  tests  to  meet  the  first  three  of  the  objectives  above. 
Section  8  addresses  the  question  of  potential  gimbal  perfomiance  payoffs  for  the  user  of  tribo 
technology. 

5.1  THRUST  BEARING 

As  reported  in  LMSC  Phase  1  Final  Report  [5-1],  1"  bore  diameter  by  2"  OD  thrust  bearings 
were  used  to  provide  early  screening  data  on  the  advanced  M0S2  films  and  liquid  lubricants. 
These  tests  were  generally  conducted  at  a  ball/race  maximum  contact  stress  of  161  ksi,  an 
oscillatory  stroke  of  ±  45°,  in  a  10'^  torr  vacuum.  The  thrust  bearing  geometry  allowed  easy 
disassembly  for  sputtering  and  analysis.  Preloading  through  a  coil  spring  was  also  easily 
accomplished.  However,  commercial  thrust  test  bearings,  normally  used  for  automotive 
applications,  were  geometrically  crude  compared  to  aerospace  bearings.  Furthermore,  their 
90°  contact  angle  geometry  generated  a  large  amount  of  spin  microslip  which  accelerated  the 
wear  process  and  aggravated  turn-around  torque  signature.  Figs.  5-1  &  5-2  show  typical 
results  from  the  thrust  bearing  tests  with  Ovonic  Synthetic  Material  Inc  (Ovonic),  The 
Aerospace  Corp.,  and  National  Center  of  Tribology  (NCT)  as  well  as  those  from  Hohman 
Plating  &  Manufacturing  (Hohman). 
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Fig.  5-1  Thrust  bearing  results  with  Aerospace,  Ovonics  &  NCT  films 


The  torque  signatures  in  Fig.  5-1* ,  appear  to  show  some  sort  of  break-in  improvement  up  to 
about  100,000  cycles,  then  start  to  fail.  The  only  exception  being  the  Ovonics  film 
multilayered  with  gold,  which  lasted  about  230,000  cycles  before  failing. 

Two  sets  of  bearings  (4  singles)  were  sputtered  coated  with  M0S2+  Sb203  film  in  two 
separate  deposition  runs,  A  &  B.  The  performance  of  these  films  were  remarkably  similar, 
as  shown  in  Fig.  5-2.  This  lent  some  credence  to  Hoh'man's  ability  to  produce  consistent 
films  from  batch  to  batch.  However,  the  rub  block  tests  that  accompanied  these  runs 
indicated  that  film  B  would  be  vastly  superior  to  film  A.  It  would  appear  from  the  bearing 
results  that  there  was  a  problem  with  this  particular  rub  block  test. 


*  In  Fig.  5-1  and  most  subsequent  plots,  both  the  steady  or  average  value  of  torque  is  plotted  together  with 
the  RMS  value  of  the  fluctuating  component  of  torquef width  of  torque  hash  band)  which  is  referred  to  as 
"ripple".  The  bearing  torque  ripple  is  very  important  to  the  quality  of  sensor  imaging  since  jitter  can  degrade 
performance,  as  will  be  discuss^  later. 
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Fig.  5-2  Thrust  bearing  results  with  HohmaM  films 
5.2.1  Blocking 

One  can  clearly  notice  a  drop  in  torque  at  about  1  million  cycles  in  Fig.  5-2.  This  corresponds 
to  a  point  where  continuous  rotation  was  substituted  for  the  noiTnal  ±45°  gimbaling  during 
the  test.  This  is  believed  due  to  a  phenomena  referred  to  as  "blocking"  in  Ref.[5-2].  Blocking 
is  build  up  of  torque  when  the  bearing  reverses  direction  due  to  some  of  the  balls  pinching 
the  ball  separator.  The  thmst  bearing's  spin  producing  geometry  and  its  relative  tight  raceway 
cross  curvatures  (standard  conformity  =  52%)  clearly  aggravates  this  effect.  The  benefits  of 
continuous  rotation  which  "resets’  the  blocking  torque  is  clearly  evident  in  Fig.  5-3  for  the 
test  thrust  bearing  lubricated  with  a  polyalphaoelifin  oil  (PAO). 
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LMSC/F386643-33 


Blocking  appears  in 
torque  trace 


Blocking  "reset"  with  3 
complete  revolutions 


Blocking  reappears  after  10 
minutes  of  oscillation 


Fig.  5-3  Thrust  bearing  Blocking  reset  with  continuous  rotation 

5.1.2  Liquids  versus  M0S2  films 

The  potential  of  low  torque  with  bearings  lubricated  with  M0S2  films  is  apparent  from  Fig. 
5-4  which  shows  the  Ovonics  multilayer  film  versus  a  PAO  oil  and  neopentyl  ester  grease.  In 
the  case  of  the  PAO  oil,  the  M0S2  film  shows  about  a  3  to  1  lower  torque  advantage  up  to 
100,000  cycles  before  starting  to  fail.  There  was  less  of  an  advantage  in  terms  of  torque 
ripple  (Fig.  5-5),  probably  because  of  the  thrust  bearings  relatively  coarse  surface  finish  (16 
|i  inch  AA).  Although  both  of  the  liquid  lubricants  are  very  long  lived,  M0S2  films  can  show 
adequate  life  in  bearings  of  better  quality  than  the  relatively  crude  thrust  bearings.  In  fact,  as 
will  be  discussed  in  the  next  section,  105  size,  precision  angular  contact  ball  bearings  coated 
with  these  films  have  maintained  very  low  torque  signatures  for  more  than  many  million 
gimbal  cycles. 

5.1.3  Load  Effects 

An  important  concern  is  the  effect  of  preload,  hence  contact  stress  on  bearings  lubricated  with 
M0S2  films.  Bearing  preloads  for  gimbals  need  to  be  sufficiently  large  so  that  the  bearing 
stiffness  does  not  compromise  the  margin  between  structural  frequency  modes  and  the 
operating  frequencies  of  the  gimbal  (bandwidth).  As  discussed  in  Section  4.5,  sliding  test 
data  with  the  M0S2  films  suggest  that  life  =  (load)  However,  this  data  was  for  pure 
sliding  and  may  not  strictly  hold  for  bearings  that  are  primarily  in  rolling  (adhesive  wear). 
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Load-life  thrust  bearing  tests  were  conducted  with  Aerospace  (Fig.  5-6)  and  Hohman  films 
(Fig.  5-7)  at  preloads  of  187  and  112  lbs  (mean  Hertz  stresses  of  107  and  91  ksi, 
respectively).  Note  that  the  X-axis  scales  are  very  different.  Although  the  tests  at  112  lbs 
preload  were  not  run  to  failure,  the  life  of  the  Aerospace  film  has  improved  by  a  factor  of  5  at 
test  cutoff. 


Fig.  5-6  Thrust  bearing  load  results  with  Aerospace  films 


1.0 
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Fig.  5-7  Thrust  bearing  load  results  with  Hohman  films 
5.1.4  Thrust  Bearing  Results 

Thrust  bearing  tests  conducted  early  in  Phase  II  set  the  basis  for  selecting  ion-sputtered 
M0S2  film  lubrication  over  ion-platted  lead  or  diamond-like  film  lubrication.  Fig.  5-8 
summarizes  the  results  for  fourteen  different  solid  film  lubricants.  These  included  Hohman 
M0S2  films  cosputtered  with  metal  (3  &  7%  Au,  3&9%  Ni)  and  with  35%  Sb203,  those 
from  NCT  (RF  Magnetron)  and  those  from  Aerospace  (RF  AT).  Also  ion-plated  Pb  and 
diamond-like  carbon  films  were  tested,  as  were  M0S2  films  coated  over  sputtered  ceramic 
underlayers  of  either  TiB2  or  TiC.  Some  representative  "good  and  bad"  torque  signature 
traces  are  shown  in  the  attached  Fig.  5-9.  The  NCT  magnetron  film  and  Hohman  Sb203 
film  and  +7%  Au  films  gave  consistently  low  torque  for  many  stop/start  cycles.  Some  of  the 
thin  films  such  as  the  "diamond-like"  coating  and  those  that  were  post  laser  treated  showed 
torque  deterioration  almost  immediately.  The  TiC  and  TiB2  sputtered  under-coated  races 
with  MoS2+3%  Au  also  started  to  fail  almost  immediately.  Perhaps  these  ceramic  coatings 
were  too  thin  to  support  the  load. 

The  7%  Au  film  had  surprisingly  long  relative  life,  but  it  was  significantly  thicker  (2.1  pm) 
than  all  of  the  other  films.  In  general,  life  was  found  to  increase  with  the  thicker  films.  The 
Hohman  Sb203  film  was  the  third  longest  lived  film  but  it's  measured  thickness  was  only 
0.6  pm  compared  with  the  NCT  film  of  1 .7  pm.  Normalizing  these  films  on  the  basis  of 
thickness,  the  Sb203  film  provided  the  most  life  (see  Fig.  5-10). 
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Torque  (in-lbs) 


Fig.  5-8  Thrust  bearing  life  summary  from  early  tests.  Failure  criteria 
was  0.3  in-lbs  of  torque. 


Fig.  5-10  Normalized  thrust  bearing  life 
5.2  105-SIZE  BEARING  TESTS 

Screening  tests  were  performed  on  105-size  (=  2  inch  OD)  precision  bearings  in  order  to 
determine  the  best  M0S2  film  -  retainer  &  ball  material  combination  for  later  testing  in  more- 
expensive,  flight-like  gimbal  bearings.  Precision  105-size,  angular  contact  ball  bearings  were 
selected  for  the  screening  test  bearing  for  several  reasons.  The  thrust  bearings  tested  in  Phase 
I  were  convenient  and  easy  to  inspect,  but  had  poor  surface  finish,  geometrical  inaccuracies 
and  a  90  de^ee  contact  angle  which  produced  excessive  spin  microslip.  These  factors  lead  to 
short  film  lives  and  high  ball  separator  wear.  The  105-size  bearings,  were  geometrically 
accurate  (ABEC  class  7)  and  had  an  excellent  surface  finish  (honed).  Their  internal  geometry, 
relative  size  and  quality  were  consistent  with  bearings  that  could  be  used  on  a  small  space 
gimbal,  such  as  an  antenna  or  a  scanner.  In  addition,  the  selected  bearings  had  separable 
inner  races  for  ease  of  disassembly.  Also  the  bearings  were  mass  produced  in  large  quantities 
for  commercial  grinding  spindles,  making  them  both  affordable  and  available. 

The  105-size  bearing  torque/life  screening  tests  were  planned  to  satisfy  the  following 
objectives: 

(1)  High  fidelity  evaluation  of  the  optimum  film,  retainer  material  and  ball  combination  for 
M0S2  film  coating  the  flight-quality  gimbal  bearings  to  be  parametrically  and  life  tested 
later  in  Phase  II. 
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(2)  Assessment  of  film  producer's  ability  to  consistently  coat  small,  bearing  races  and  balls, 
as  well  as  our  ability  to  non-destructively  identify  good  sputtering  batches  from  bad 
ones. 

(3)  Head-to-head  comparison  of  the  best  M0S2  film  lubricated  bearings  against  those 
lubricated  with  conventional  and  advanced  oils  and  greases. 

(4)  Characterization  of  bearing  performance  (torque  signature,  PSD's  and  preload) 
degradation  with  time,  particularly  beginning  of  life  versus  end-of-life  behavior. 


(5)  Generation  of  test  data  to  validate  the  bearing  wear  model  and  provide  data  for  the 
gimbal/bearing  disturbance  simulation  model. 

5.2.1  Bearing  Test  Rigs 

Four  computer  controlled,  bell  jar,  bearing  test  rigs  were  used  for  the  life  tests  (Fig.  5-11). 
Turbo-molecular  pumps  provide  clean  vacuum  levels  from  10'^  to  10'^  Torr.  (see  Section 
5.4  for  Residual  Gas  Analysis  of  pumping  system).  Bearing  torque  and  torque  ripple  were 
continuously  monitored.  A  computer  was  used  to  drive  the  test  stand  motors  over  a  simulated 
composite  gimbal  scan  cycle  and  to  record  torque  signature  data  on  disk  for  later  analysis. 
Three  of  these  bell  jar  testers  were  first  used  to  test  the  105-size  bearings  and  then  later 
reconfigured  to  test  the  larger,  gimbal  bearings. 


Twelve  pairs  of  hard-preloaded  (rigidly  clamped),  105-size  ball  bearings  are  circumferentially 
spaced  inside  each  vacuum  bell  jar  tester  (Fig.  5-12).  The  bearings  are  fitted  into  individual 
bearing  cartridges.  Each  cartridge  is  grounded  to  the  base  plate  through  a  strain  gage  flexure 
system  which  measures  the  reaction  torque  acting  on  the  tearing  pair.  A  central  drive  motor 
system  drives  a  large  collector  gear  through  a  rotary,  ferrofluidic  vacuum  feedthrough.  The 
collector  gear  meshes  with  gear  pinions  fixed  to  the  bearing  cartridge  spindle  and  thus 
provide  inner  race  rotation  (Fig.  5- 13). 

5.2.2  105-Size  Test  Bearings 

Sixty,  hard-preloaded,  duplex  pairs  of  105  size  (25  mm  x  47  mm),  AFBMA  class  7  ball 
bearings  were  procured  for  the  screening  tests.  The  bearings  contained  12  balls,  0.25  inch  in 
diameter,  grade  5  quality.  Raceway  transverse  curvatures  are  nominally  54%.  The  bearing 
races  were  manufactured  from  CVM  AISI 52100  bearing  steel,  hardness  >  60  Rc,  and  were 
honed  to  a  maximum  transverse  surface  roughness  of  2  in  AA.  Ball  roughness  was  0.6  p. 
in  AA  or  better.  Ceramic  (silicon  nitride)  grade  5  balls  were  substituted  for  the  steel  ones  in 
two  of  the  bearing  pairs.  Ball  roughness  was  0.2  p  in  AA  or  better. 

The  standard  phenolic  retainers  of  the  105  bearings  were  replaced  with  either  Vespel™ 
(polyimide  +  15%  M0S2),  Duroid™  (60%  PTFE  /  40%  chopped  fiber  glass  with  M0S2 
filler),  and  Salox™  (60%  PTFE  /  40%  bronze  composite).  In  one  case,  the  Vespel  retainer 
was  sputter-coated  with  an  approximate  1  pm  thick,  multi-layered  M0S2  film.  The  number  of 
balls  was  reduced  from  13  to  12  to  improve  retainer  web  strength  and  the  retainer  pocket  and 
land  clearances  were  enlarged  to  reduce  the  potential  for  a  "blocking"  type  of  torque  anomaly. 
The  photo^aph  in  Fig.  5-14  shows  the  separable  inner  race  of  the  105  test  bearing  and 
custom  designed  ball  retainer. 


Fig.  5-12  Carousel  bearing  tester  schematic 
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Fig.  5-14  Photo  of  105  test  bearing  with  custom  retainer. 


5.2.3  Solid  Lubricant  Films. 

Based  on  the  results  of  thrust  bearing  screening  tests  (see  Section  5.1.4),  the  three  best  M0S2 
films  were  ion-sputtered  on  the  test  bearing  components  by  the  three  different  vendors.  Each 
used  a  different  ion  deposition  process.  These  included  Hohman's  DC  triode,  NCT's  radio 
frequency  magnetron  and  Ovonic's  multi-layer  radio  frequency  magnetron  sputtered  MoS2 
films.  Hohman's  DC  triode  sputtering  (DCS)  process  used  a  65%  M0S2  -  35%  Sb203 
target  material  combined  with  a  oscillating  deposition  current  to  produce  dense  films.  The 
NCT  radio  frequency  magnetron  sputtering  (^MS)  process  enabled  high  rate  and  density 
deposition  with  a  pure  M0S2  target.  The  multi-layer  sputtering  (MLS)  process  by  Ovonics 
incorporated  two  radio  frequency  magnetron  targets  which  alternately  deposited  10  nm  layers 
of  M0S2  followed  by  1  nm  layers  of  nickel  to  produce  dense  films  for  10%  Ni  films  or  4.5 
nm  layers  of  gold-paladium  for  45%  Au-Pd  films.  Section  7.0  presents  a  more  complete 
description  of  the  films  and  their  characteristics. 

Actual  film  thickness  was  measured  on  the  inner  and  outer  race  shoulders  by  indenting  the 
film  and  viewing  the  fractured  film  in  a  SEM  at  a  high  angle.  Although  a  nominal  film 
thickness  of  1  |J.m  was  requested,  the  Hohman  films  measured  1.8  |J.m  in  thickness  on  the 
inner  race,  while  ranging  from  0.9  to  0.2  qm  in  thickness  on  the  outer  race.  The  NCT  film 
was  0.4  |im  thick  on  all  parts.  Only  the  Ovonic  film  was  consistently  1  qm  thick,  as 
requested. 

Witness  plates  that  accompanied  bearing  components  during  film  deposition  were 
characterized  by  x-ray  diffraction  (XRD),  x-ray  photoelectron  spectroscopy  (XPS)  and 
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microhardness.  XEiD  analysis  indicated  all  of  the  films  had  either  no  observable  texture  or 
weak  basal  plane  film  orientations.  Elemental  compositions  of  the  films  (as  determined  by 
XPS)  indicated  that  all  three  films  had  sulfur  to  molybdenum  atom  ratios  that  were  much  less 
than  two.  Moreover,  the  three  films  contained  substantial  amounts  of  carbon  and  oxygen,  up 
to  20%  in  some  cases.  An  ultra-microhardness  test  of  the  films  using  a  250  mg  indention 
load  indicated  a  150  Vickers  hardness  number  for  both  the  DCS  and  RFMS  films.  The  MLS 
films  were  substantially  harder  at  570  Vickers  hardness  number. 

5.2.4  Test  Bearing  Summary 

Table  5-15  summarizes  the  29  pairs  (20  different  combinations)  of  M0S2  films,  retainer  and 
ball  materials  tested,  together  with  preload  and  maximum  Hertz  stress.  All  but  one  of  the 
bearings  had  M0S2  sputtered  races.  Six  of  the  beitfing  pairs  had  both  balls  and  races  coated. 
In  general,  each  of  the  retainer/ball  combinations  were  tested  once  with  each  of  the  three 
different  film  types.  However,  the  Ovonic's  MLS  film  with  Br-PTFE  (Salox)  retainers  and 
steel  balls  was  tested  on  three  bearings.  Also,  duplicate  tests  were  conducted  with  PTFE 
(Duroid)  retainers  with  all  three  film  types  and  the  Ovonics  high  gold  film  was  also  tested 
twice.  One  comparative  test  was  conducted  with  bearings  having  uncoated  races  with  Br- 
PTFE  retainers.  Also  the  MLS  film  was  tested  at  high  preload  (52  lbs). 

5.2.5  Preload 

As  explained  in  section  4.1.2,  bearings  were  originally  sized  to  provide  adequate  bending 
stiffness  and  launch  load  capability  for  the  SVS  satellite  sensor  gimbals.  A  trade  was  made 
between  bearing  size,  preload,  stiffness  and  torque.  Similar  analysis  was  performed  when 
the  SVS  gimbals  were  superseded  by  those  for  Brilliant  Eyes.  In  both  cases,  necessary 
preloads  resulted  in  on-orbit  contact  stress  levels  on  the  order  of  160  to  180  ksi  maximum 
Hertz  stress  (equivalent  to  107  to  123  ksi  mean  Hertz  stress)  with  due  consideration  of 
operating  temperatures  and  temperature  gradients.  These  stress  levels  were  also  consistent 
with  previous  LMSC  flight  gimbal  bearings.  In  keeping  with  the  philosophy  that  the 
advanced  tribomaterials  should  be  tested  at  stress  levels  consistent  with  prior  practice, 
preloads  for  the  Phase  II  test  bearings  were  selected  to  provide  equivalent  contact  stress 
levels.  Secondly,  the  SVS,  and  later,  B.E.  gimbal  design  required  high  structural 
frequencies  which  necessitate  the  use  of  hard-preloaded  ( i.e.,  clamped  without  springs) 
bearings.  This  design  approach  was  also  adopted  in  the  Phase  II  tests. 

In  theory,  coating  a  1  )im  M0S2  film*  on  the  inner  and  outer  races  of  the  105-size  bearings 
having  a  manufactured  preload  of  17  lb  would  produce  an  inner  race  mean  Hertz  stress  of 
108  ksi  (Fig.  5-16)  However,  it  was  necessary  to  measure  actual  bearing  preload  because  of 
the  variability  of  M0S2  thicknesses,  ball  and  race  treatments.  This  was  also  useful  to 
determine  the  drop  in  preload  due  to  M0S2  film  wear  at  end  of  life.  Maintenance  of  preload  is 
important  to  ensure  that  bearing  stiffness,  hence  critical  structural  frequencies  are  not 
significantly  degraded.  A  preload  fixture  was  used  to  determine  the  "knee"  in  the  bearing 
load/deflection  curve  (Fig.  5-17).  In  principle,  the  knee  of  the  curve  corresponds  to  the 
preload  at  the  point  where  the  factory  ground-in  race  gap  bottoms  out.  Shims  provide  some 
limited  adjustment  in  preload  for  differences  in  M0S2  film  coating  thicknesses.  Some 


*  This  effectively  increased  the  internal  preload  to  =  30  lbs.  The  1  pm  film  thickness  was  selected  because  it 
was  the  nominal  thickness  used  for  the  TWIG  pin-on-disk  tests.  For  the  same  reason,  it  also  was  used  for  the 
LMSC  thrust  bearing  tests.  However,  later  in  the  test  program,  the  1  pm  film  was  believed  too  thick  for 
precision  ball  bearings,  being  more  susceptible  to  fracture  and  delamination.  Suess  levels  of  the  liquid 
lubricated  bearings,  which  used  a  stock  30  lb  preload  were  comparable  to  the  dry  film  bearings. 
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Table  5.15  Summary  of  105-slze  M0S2  test  bearing  combinations 
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rounding  of  the  "knee"  was  observed  for  M0S2  fdm  coated  bearings  due  to  coating 
compliance  and  the  balls  being  seated  in  a  staggered  fashion  rather  than  all  at  once.  This 
required  that  the  preload  be  interpreted  from  initial  and  final  slope  intersections. 

As  shown  in  Table  5.15,  preload  was  reasonably  uniform  (=10%  one-sigma)  from  group  to 
group  although  the  bearings  with  the  thinner  NCT  films,  averaging  0.3  |J.m  in  thickness, 
were  about  20%  lower  in  preload.  Despite  some  possible  interpretation  inaccuracies,  preload 
could  be  set  within  a  range  of  3 1  lb  ±5  lb  (one-sigma)  for  the  27  pairs  of  solid-lubricated 
bearings  and  30  lb  ±4.3  lb  (one-sigma)  for  the  14  pairs  of  liquid-lubricated  bearings  (Table 
5.48). 
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EB.MODULUS BEARING  2.90 E*07 

SEMI  MAJ  ELLIPSE:IN.  1.25E-02 

1.21E-02 

EH-MODULUS HOUSING  2. 80 E +  07 

ELLIPSE  RAT  10 ;tN-  5.93 

4.72 

CTES-CTE SHAFT  6.00E-06 

"•AXIAL  STIFF(BRG  PAIR);LBS/IN-  192.94  3 

CTEB-CTE BEARING  5.70E-06 

++♦  BRG  TORO  <g>  SLIDING  FRIC  COEF-  0.22 

0 

PER  ROW 

CTEH-CTE HOUSING  6.00E-06 

$$  BRG  PAIR  TORO  ;IN-LBS  (OZ-IN)-  0.09 

(  1,41 

)  OR  CONTROL 

$$  BRG  PAIR  TORO  :IN-LBS  (OZ-IN)-  0.02 

(  0.36 

SDI-I/R  SHOULDER  DIA)  1.26735 

VISCOUS(SPEED)  TORO  COMP;IN-LBS-  0.00 

(  0.00 

) 

SDO-CVR  SHOULDER  DIA)  1.56735 

MAX  SHOULD  ANGLDEG-  51.0 

51.0 

CONTEDGEANGLPEG-  21,5 

21.3 

Fig.  5-16  Predicted  108  KSI  inner  race  mean  Hertz  stress  for  105-size  test 
bearing  sputtered  with  1  jam  film  on  inner  and  outer  races 
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Fig,  5-17  Examples  of  start,  mid  life  {29M  cycles)  and  end  of  life  (44M  cycles) 
preload  traces  for  MoS2  film  bearing  (  #4.2,  Ovonic  Duroid) 
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5.2.6  Bearing  Preparation. 

The  105  test  bearings  with  M0S2  film  coated  races  were  assembled  with  their  appropriate 
retainer  and  balls  (bare,  M0S2  film  coated  or  uncoated  Si3N4)  in  a  clean  room  (better  than 
class  10,000).  Shims  were  used  to  set  preload  as  closely  as  possible  to  nominal  levels.  The 
liquid  lubricated  bearings  were  assembled  in  the  same  fashion,  except  that  the  bearing  races 
were  grease  plated  in  a  freon  bath  with  the  test  lubricant  (approximately  15%  by  weight)  and 
then  vacuum  dried  in  an  oven  for  several  hours  to  evaporate  any  remaining  freon.  Before  and 
after  lubricant  weights  were  recorded. 

5.3  105-SIZE  BEARING  TEST  RESULTS 
5.3.1  Torque  Histories. 

The  rms  value  of  peak  torque  and  torque  ripple  (hash  band)  of  each  test  bearing  was  digitally 
recorded  approximately  every  2  minutes  while  the  bearings  continuously  cycled  through  the 
prescribed  test  cycle.  Examples  of  the  torque  histories  for  the  three  types  of  M0S2  films  with 
Br-PTFE  or  PTFE  retainers  and  uncoated  steel  balls  appears  in  Figs.  5-18  and  5-19^.  These 
bearings  generally  exhibited  very  long  lives,  no  matter  which  type  of  film  was  used.  A 
bearing  was  considered  failed  when  its  peak  torque  reached  a  level  of  50  N-mm  (0.44  in-lb). 
This  arbitrary  level,  set  for  comparison  purposes,  was  roughly  3  to  4  times  normal  peak 
operating  torque  levels. 

PTFE  containing  retainers  can  replenish  lost  M0S2  film  via  the  ball  film  transfer  mechanism. 
Occasional,  large  torque  excursions  were  observed.^^  One  bearing  pair  (post  #  4.11), 
however,  showed  three  momentary  torque  excursions  to  about  0.5  in-lb  around  1.8  million 
cycles,  before  returning  to  normal  levels  for  the  remainder  of  the  test.  Long  life  was  also 
achieved  with  the  single  test  bearing  pair  lubricated  by  only  Br-PTFE  retainers  (no  race  film) 
but  its  torque  was  higher  and  more  erratic  than  those  used  with  M0S2  film  coated  races.  Fig. 
5- 18(d).  Furthermore,  its  loss  in  preload  was  the  highest  (=»  40%)  of  all  the  bearings  tested, 
except  one. 


^  These  torque  histories  compress  a  very  large  number  of  data  points  over  a  span  of  30  to  40  million  cycles, 
giving  a  jagged  appearance  to  the  test  data.  Expanding  the  data  over  a  shorter  interval  (see  Fig.  5-20),  shows 
that  peak  torque  levels  generally  fluctuated  over  time  with  changes  in  gimbaling  mode.  In  Fig.  5-20,  the 
bearing  torque  is  lower  during  the  wide  (±  80®)  and  narrow  (±10®)  cycling  than  during  the  360  degree  rotations. 
This  is  attributed  to  the  build-up  of  debris  at  the  end  of  stroke  which  is  rolled-over  during  continuous  rotation. 
End-of-stroke  debris  bumps  is  a  problem  previously  identified  with  MoS2-lubricated  bearings  that  gimbal  [5- 
3].  Elevated  torques  generally  persisted  through  the  entire  50,000  revolutions  before  resetting  to  lower  values 
during  the  next  gimbal  cycle. 

These  variations  are  likely  the  result  of  excess  film/cage  wear  debris  trapped  between  the  ball  and  race. 
Switching  modes  of  operation  from  short  stroke  (no  ball  track  overlap)  to  large  stroke  or  continuous  rotation 
often  increased  torque  temporarily  until  any  end-of-stroke  debris  was  redistributed.  Much  less  cycle-to-cycle 
variation  would  be  expected  if  the  bearing  operated  exclusively  in  either  continuous  rotation  or  over  a  short 
stroke,  rather  than  periodically  cycling  between  such  modes.  The  introduction  of  spring  rather  than  hard 
preload  would  also  of  benefit. 
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In  contrast  to  PTFE-containing  retainers,  the  bearings  tested  with  polyimide  retainers 
exhibited  relatively  short  lives  (1.6,  4.5  and  1  million  cycles),  irrespective  of  film  type  (Fig. 
5-21  a,c,e).  This  supports  the  need  for  a  replenishment  PTFE  transfer  film  from  the  retainer 
for  long  life  [5-4].  Subsequent  examination  of  the  bearings  with  Vespel  retainers  showed 
considerable  debris  (Section  7.4)  which  evidently  contributed  to  increased  preload  and 
torque.  Coating  the  PI  retainer  with  M0S2  film  offered  no  real  life  improvement  (Fig.  5-2  Ig) 
nor  did  M0S2  film  coating  the  balls. 


Short  lives  (<  1.2  million  cycles)  were  consistently  obtained  with  balls  that  were  either  M0S2 
film  coated  or  uncoated  balls  made  from  silicon  nitride  (Si3N4).  This  was  true  for  bearings 
with  either  Br-PTFE  or  PTFE  ball  retainers,  no  matter  which  type  of  M0S2  film  (Fig.  5-22 ). 
(Note  that  the  torque  scale  has  been  increased  in  Figs  5-21  &  -22  because  of  the  higher 
torque  levels).  Shedding  of  the  poorly  adherent  M0S2  film  on  the  balls  was  believed 
responsible  for  debris  jamming  and  subsequent  torque  increase.  Indeed,  scanning  electron 
microscope  (SEM)  inspection  of  untested  balls  from  all  three  film  sources  showed  clear 
defects  in  the  films  (see  Section  7.4.1).  The  reason  for  the  poor  performance  of  the  silicon 
nitride  balls  is  less  clear.  The  very  short  lives  do  not  seem  completely  explainable  on  the 
basis  of  higher  contact  stress  from  the  ceramic's  high  modulus.  The  mean  Hertz  stresses  of 
some  of  the  long-lived  bearings  (e.g.,  posts  4.2,  4.11  and  4.5)  were  nearly  as  high  as  those 
short-lived  bearings  having  silicon  nitride  balls  (see  Table  5.15).  Subsequent  visual 
inspection  of  these  bearings  showed  considerable  wear  debris  which  contributes  to  erratic 
torque  behavior.  Perhaps  the  very  smooth  surface  finish  (<0.2  ji  in  AA)  of  the  silicon  nitride 
balls  inhibited  the  PTFE  transfer  process  which  normal  occurs  through  asperities  rubbing  off 
the  PTFE  retainer. 
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Fig.  5-18  Long-lived  105-size  bearings  with  NCT  and  Hohman  films 
having  Br-PTFE  and  PTFE  retainers 
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Torque  (in-lbs) 


Long-lived  105-size  bearings  with  Ovonics  films  having  Br- 
PTFE  and  PTFE  retainers 
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Torque  (in- lbs) 


Cycles 


Fig.  5-20  Torque  variation  with  gimbaling  mode  showing  elevated  torque 
during  360  rotations  from  end-of-gimbal-stroke  debris 
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Fig.  5-22  Short-lived  105-size  bearings  with  PTFE  retainers  and  M0S2 
coated  or  Si3N4  balls 
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Fig.  5-23  presents  a  summary  of  bearing  test  lives.  It  is  apparent  that  bearings  with  PTFE 
impregnated  retainers  and  bare  steel  balls  produced  the  longest  lives,  no  matter  which  film 
type.  Ceramic  coated  or  monolithic  balls  and/or  Vespel  retainers  produced  the  shortest  lives, 
no  matter  which  film  type. 

Cycle  life  to  0.44  in-lb  in  addition  to  detailed  preload,  wear  and  torque  data  is  summarized  in 
Table  5-24.  Typical  bearing  running  torques  are  listed  which  reflect  the  normal  expected 
torque  range  while  gimbaling.  Peak  excursion  values  are  generally  torque  levels  at  failure  or 
relatively  short  duration  torque  blips  that  were  observed  during  the  course  of  life.  These 
excursions,  often  occurring  between  gimbal  modes  due  to  roll-over  of  end-of-stroke  debris, 
can  be  seen  on  some  of  the  torque  histories  appearing  in  Figs.  5-18  to  5-22.  End  of  test 
torque  reflect  either  failure  torque  or  torque  when  the  bearing  was  taken  off  of  test.  In  some 
cases  the  torque  at  end  of  test  v/as  relatively  lov/  because  of  wear  and  subsequent  reduction  in 
preload. 

In  general,  the  lower  running  torques  were  associated  with  the  smaller  oscillating  motions  (± 
10°)  where  debris  could  be  deposited  between  the  ball  paths  and  retainer  material  transfer  to 
the  ball/race  contact  was  minimal.  Fligher  torques  (2  to  3X)  were  experienced  during  wide 
angle  gimbaling  and  continuous  rotation  where  debris  entrapment  could  occur.  Compared  to 
these  factors,  initial  preload  appeared  to  have  less  effect  on  life.  Both  long  and  short  lived 
bearing  groups  had  about  the  same  statistical  distribution  of  high  and  low  preload. 


Teflon 
Cages  + 
Uncoated 
Steel  Balls 
(14  pairs) 


Polyimide 

Cages 

(4  pairs) 

SigN^  Balls 
(3  pairs) 


M0S2  Balls 
(6  pairs) 
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T 

5  10  15  20  25  30  35  40 

MILLIONS  OF  GIMBAL  CYCLES 


tFilm:  MiS-Multi-layer  (Ovonic),  RFMS^  RF  inagnelron  (NCT),  DCS=Direct  Current  (Hohman) 


Fig.  5-23  Summary  of  M0S2  coated,  105-size  bearing  lives  to  peak 
torque  of  50  N-mni  (0,44  in-!b) 


-60- 


Table  5-24  Summary  of  105  size  bearing  performance  with  M0S2  films 
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tFilm:  MLS^Mutti-layer  (Ovonic),  RFMS:.  RF  magnetron  (NCT),  DCS=Direct  Current  (Hohman) 
Status;  F^failed  at  0,44  in-lb,  TC^  test  cutoff,  Rm  stU  running  on  lest. 

’Max  Torque:  Typ.  Running:.  Typical  bearing  torque  range  from  low  to  high.  Peak  Excursion  -  highest 

torque  recorded  during  run.  End  of  Test  -  torque  at  test  cutoff  or  faihtre. 


5.3.2  Torque  Signatures 

Torque/time  signatures  of  the  test  bearings  were  periodically  recorded  throughout  life  to 
characterize  performance.  A  gimbal  angle  of  ±  45°  at  a  sinusoidal  slew  rate  of  0.25  Hz  (1 
cycle  /  4  seconds)  was  used. 

Short-Lived  Bearings  Typical  torque  signatures  for  bearings  having  silicon  nitride  balls 
and  those  with  balls  coated  with  M0S2  appear  in  Figs.  5-25  to  5-29.  Large  increases  in 
torque  were  observed  early  in  life  due  to  debris  jamming.  Bearings  with  uncoated  (bare) 
steel  balls  having  polyimide  retainers  (VespeF'^)  also  showing  significant  torque  increases 
due  to  debris  (Figs.  5-30  and  5-31).  These  bearings  were  found  to  be  heavily  worn  from  the 
abrasive  Vespel  debris  (see  Section  7.4).  Occasionally  the  torque  signature  improved  with 
additional  running  from  the  loss  in  preload  produced  by  wear  (see  Fig.  5-30,  for  example). 


Fig.  5-25  Large  torque  increase  with  M0S2  coated  balls, 

(Note  pronounced  debris  torque  bump  ot  end  of  stroke) 
(Post  2.12  Ovonics/Vespel/MoS2  balls) 
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Fig.  5-26 


Large  torque  increase  with  Mo$ 
(Post  2.5  NCT/Duroid/MoS2  balls) 


coated  balls 
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Fig."5-'27  Large  torque  increasTwatlT  Mo!§2  coated"’bans'.’ 


(Post  2.1 1  NCTA^espel/MoS2  balls) 
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Fig.  5-29  Torque  increase  wnte  813 N 4  bsi5So 
(Post  2.3  NCT/Duroid/Si3N4  balls) 


66 


Fig.  5-30  Torque  increase  with  Vespel  retainer.  (Note  torque  improve¬ 
ment  at  4.3  M  cycles  due  to  wear  and  reduced  preload) 

(Post  2.4  OvonicA^espel/bare  balls) 
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Long-Lived  Bearings  Torque  signature  traces  for  the  long-lived  (48  million  cycles) 
bearings  having  PTFE  containing  retainers  (Salox™  or  Duroid™)  and  bare  steel  balls  appear 
in  Figs.  5-32  to  5-37.  Variation  in  torque  appears  relatively  small  during  life  from  these 
traces.  However,  torque  excursions  can  be  significantly  larger  during  gimbaling  from 
occasional  excess  debris  build-up  as  shown  in  the  torque  history  plots  appearing  in  Figs.  5- 
18  and  5-19.  Some  of  the  traces  (Figs  5-34  and  5-35)  also  show  the  ripple  component  of 
bearing  torque  taken  over  3  revolutions  at  0.25  Hz  or  1  rev/  seconds. 


Fig.  5-32  Torque  traces  with  Salox  retainers  to  48  million  cycles. 

(Post  4.8  NCT/Salox/bare  balls) 


Fig.  5-33  Torque  traces  with  Sa!os  retainers  to  48  mlHIoin  cycles. 

(Post  4.9  Ovonics/Salox/bare  balls) 
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Fig.  5-34  Torque  traces  with  Salox  retainers  to  48  million  cycles. 

(Post  4. 1 1  Ovonics/Salox/bare  balls) 
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Fig.  5-35  Torque  traces  with  Salox  retainers  to  48  million  cycles 
showing  starting  and  ending  torque  ripple. 

(Post  4.6  Ovonics/SaloxA)are  balls) 
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(a)  Post  2.1  NCT/Duroid/bare  balls) 


(b)  Post  2.2  Ovonic/Duroid/bare  balls) 
Fig.  5-36  Torqufe  traces  with  Duroid  retainers. 
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Fig.  S-37  Torqsse  Irsices  witia  BHroad  reJaaraeri’s  arud  3  different  M0S2 
flSisis 

(Posts  #3.1  NCT  /  #3.2  Ovonics/#3.3  Hohnian) 
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Effect  of  PTFE  Retainer  Material  It  is  clear  that  the  self-lubricating  PTFE-containing 
bearing  retainers  provided  much  more  life  than  the  non-active  lubricating  polyimide  retainer. 
A  special  test  was  performed  to  determine  if  the  M0S2  film  sputtered  on  the  races  was 
important  to  performance  or  whether  the  self-lubricating  retainers  by  themselves  were 
sufficient.  Fig.  5-38  shows  a  direct  torque  signature  comparison  between  a  bearing  pair 
without  M0S2  Film  (  Fig.  5-38a)  and  one  with  (Fig.  5-38b).  Note  that  both  bearings  have 
Salox  retainers  and  have  initial  bearing  preloads  of  32  and  31  lbs  for  the  bare  and  M0S2 
coated  bearings,  respectively.  While  both  bearings  start  off  with  about  the  same  torque,  the 
bare  bearing  has  nearly  3x  the  torque  of  the  coated  bearing  after  14  million  cycles.  The  same 
is  true  at  35  million  cycles  with  the  bare  bearing  showing  significantly  higher  torque  ripple 
compared  with  the  M0S2  bearing.  The  presence  of  M0S2  film  appears  to  have  a  synergistic 
effect  on  film  transfer  rate  moderating  the  build  up  of  material  and,  in  turn,  moderating  torque 
irregularities. 


Effect  of  High  Preload  A  special  test  on  one  bearing  pair  was  conducted  at  high  preload. 
Bearing  life  exceeded  40  million  cycles  although  torque  perfonnance  for  the  bearing  with  52 
lbs  preload  (Fig.  5-39)  is  more  than  3x  higher  than  the  31  lb  preloaded  bearing  (Fig.  5-36) 
with  the  same  Ovonics  film  and  Salox  retainer  .  Also  note  that  there  is  a  substantial  drop  in 
torque  between  40.8  million  and  45.8  million  cycles  (see  Fig.  5-39),  suggesting  wear  out 
and  loss  in  preload.  It  is  important  to  recognize  that  despite  this  wear,  no  hard  jam  failure 
was  produced  unlike  bearings  with  either  M0S2  coated  or  Si3N4  balls. 
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(b)  Ovonics  film  with  Salox  retainer  (31  lbs  initial  preload) 


Fig.  5-38  PTFE  cage  torque  performance  degrades  without  MoS2  film  on  races. 
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Fig.  5-39  Torque  signature  of  high  preload  (52  lbs  initial)  bearing  showing 
suspected  loss  in  preload  between  41  and  46  million  cycles 

(Post  4.10  Ovonic  /  Salox  /  bare  balls) 
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5.3.3  Torque  Ripple 

The  torque  magnitude  and,  specifically,  torque  ripple  of  the  support  bearings  generally  affect 
the  performance  of  precision  pointing  servo-mechanisms.  Frequencies  associated  with 
bearing  torque  disturbances,  often  multiples  of  the  ball  pass  frequencies,  can  exceed  the 
bandwidth  limits  of  the  servo-controller.  It  is  usually  easier  to  compensate  for  slow  changing 
bearing  torque  levels  (DC  or  average  component)  than  fluctuating  disturbances  (ripple). 

In  the  case  of  many  optical  and  infared  sensors,  special  fast  steering  mirrors,  supported  on 
flexures,  are  used  for  "dejittering"  high  frequency  vibratory  disturbances.  Groups  of  mirrors 
and  attendant  controls,  as  many  as  7,  are  occasionally  needed  to  satisfy  packaging  and 
pointing  requirements.  Reduction  of  all  sources  of  vibration,  mostly  from  rotating  and 
gimbaling  mechanisms  containing  bearings  (gimbals,  CMG’s,  solar  array  drives,  etc.),  will 
lessen  the  burden,  hence  complexity  and  cost  of  the  electro-optic  compensation  system. 
Thus,  the  torque  ripple  character  of  bearings  lubricated  with  advanced  tribomaterials  and  the 
manner  which  it  changes  with  time  is  an  important  evaluation  factor. 

Figs.  5-40  and  5-41  show  the  early  progress  of  the  torque  ripple  component  of  12  NCT  and 
Ovonic  M0S2  film  coated  bearings  at  start  (7k  cycles),  3M  and  4.3M  cycles.  The  data  were 
taken  with  the  bearings  rotating  in  one  direction  at  a  rate  of  1/4  Hz  or  907sec.  Note  from 
Fig.  5-40  that  the  ripple  of  some  films  (posts  #3,8  &10)  has  improved,  some  have  degraded 
(posts  #1,6  &  7)  or  failed  (posts  #4,5,1 1&12)  and  the  others  are  pretty  much  the  same  (posts 
#2  &  9).  Between  3M  and  4.3M  cycles  (see  Fig.  5-41),  all  of  the  films,  except  post  #6,  are 
about  the  same.  In  general,  the  quietest  bearings  were  those  with  PTFE  composite  retainers 
and  plain  steel  balls.  Bearings  with  M0S2  coated  balls  were  among  the  noisiest,  presumably 
due  to  debris  shedding  and  unevenness  in  coating  thickness. 
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Fig.  5-40  Torque  Signatures  of  NCT  &  Ovonics  MoS2  films 
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Fig.  5-41  Torque  Signatures  of  NCT  &  Ovonics  MoS2  films 


5.3.4  Preload 

Preload  was  measured  for  bearings  at  both  the  start  and  end  of  test  (see  examples,  Figs  5-42 
and  5-43).  Compared  to  the  choice  of  retainer  material  and  ball  treatment,  initial  preload  had 
less  of  an  effect  on  life.  Preload  levels  and  variations  were  comparable  for  the  groups  of 
long  and  short  lived  bearings  (see  Table  5-15). 

Preload  levels  increased  for  all  but  one  of  the  bearings  incorporating  either  Si3N4  balls  or 
steel  balls  coated  with  M0S2  at  the  time  of  failure.  This  coupled  with  the  observation  of 
copious  amounts  of  M0S2  dust  in  these  bearings  indicated  that  debris  jamming  contributed  to 
torque  failure.  On  the  other  hand,  two  of  the  three  bearings  containing  retainers  lost  preload. 
These  bearings  contained  significant  amounts  of  polyimide  wear  particles  (Section  7.4.1) 
which  evidently  contributed  to  M0S2  film  and  race  wear,  resulting  in  a  loss  of  preload. 

With  one  exception,  long-lived  bearings  (>  40  million  cycles)  having  FI  FE  or  Br-PTFE  type 
retainers  with  plain  balls  experienced  some  preload  reduction  or  remained  essentially 
unchanged  (Fig.  5-44).  Posttest  inspection  showed  that  the  M0S2  film  was  found  removed 
from  the  races  in  certain  spots  and  replaced  with  bronze  and/or  PTFE  deposits  from  the 
retainer.  This  double  transfer  mechanism  is  well  known.  A  loss  in  bearing  preload  would 
suggest  that  insufficient  retainer  transfer  film  occurred  to  offset  wear  of  M0S2  film,  race  and 
balls. 

It  was  often  difficult  to  decide  when  to  terminate  the  long-lived  bearing  tests  since  no  "hard" 
failures  were  encountered.  Consequently,  some  of  the  bearings  may  have  been  tested  too 
long  resulting  in  additional  wear  and  preload  loss.  Despite  this,  preload  losses  of  less  than 
20%  were  measured  in  several  cases  on  bearings  with  more  than  40  million  gimbal  test 
cycles.  Because  of  the  hard  preload  nature  of  these  tests,  a  20%  loss  in  preload  represents  a 
modest  6%  reduction  in  stiffness  since  stiffness  is  proportional  to  the  cube  root  of  preload. 
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(a)  Hohman  Film/Salox  Retainer  (43.84M  cycles) 


(b)  Ovonic  Film/Duroid  Retainer  (43.84M  cycles) 


Fig.  5-42  Typical  start  and  end  preload  traces  for  Hohman  &  Ovonic 
M0S2  lubricated  105  size  bearings  . 


Fig.  5-43  Typical  start  and  end  preload  traces  for  NCT  &  Hohman  M0S2 
lubricated  105  size  bearings. 
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0  10  2  0  30  40  50  60  70 

Preload,  Lb 

Fig,  5-44  SiiBimary  of  bearing  preload  changes  over  life, 

5,3,5  Track  Widths 

The  tested  bearings  were  disassembled  and  the  components  examined  visually  and/or  by 
scanning  electron  microscopy,  as  described  in  detail  in  Section  7.4.  Backscattered  electron 
imaging  combined  with  X-ray  elemental  microanalysis  revealed  compositional  variations  in 
the  ball  tracks  on  the  races.  The  track  v/idth,  a  relative  indication  of  film  loss  and  race  wear, 
was  clearly  defined.  The  increase  in  track  width  of  the  examined  test  bearings  was  a 
reasonable  indicator  of  film  loss  (delamination/wear)  and  race  wear.  The  increase  in  track 
width  was  determined  by  subtracting  the  theoretical  Hertzian  contact  width  at  the  inner  race 
under  the  initial  preload  from  the  measured  track  width  at  the  time  of  examination  (see  Table 
5-24).  Fig.  5’45  shows  that  selfriubricating  retainers  provided  the  lowest  wear  rates  based 
on  the  increase  in  track  width  per  million  gimbal  cycles.  Bearings  having  M0S2  film  coated 
balls  suffered  the  highest  wetir  rates  due  to  considerable  debris  generation  and  their  relatively 
short  lives. 


The  increase  in  track  v/idth  of  long  lived  bearings  show  a  reasonable  correlation  with  initial 
preload  and  changes  in  preload.  The  trends  shown  in  Fig.  5-46  indicate  that  the  increase  in 
bearing  track  width  is  proportional  to  preload,  as  might  be  expected  from  the  classical  wear 
equations.  Furthenuore,  bearings  tested  with  Salox  retainers  exhibited  less  inner  race  wear 


-84- 


Film/Cage/Ball 


MLS/BrPTFE/Bare 

MLS/BrPTFE/Bare 

MLS/BrPTFE/Bare 

RFMS/BrPTFE/Bare 

DCS/BrPTFE/Bare 

None/BrPTFE/Bare 

MLS/PTFE/Bare 

RFMS/PTFE/Bare 

RFMS/PTFE/Bare 

DCS/PTFE/Bare 

MLS/PTFE/Bare 

MLS/PI/Bare 

RFMS/PI/Bare 

DCS/PI/Bare 

MLS/PUMoS/Bare 

RFMS/PTFE/SiN 

DCS/PTFE/SiN 

MLS/PTFE/SiN 

DCS/PTFE/MoS 

MLS/PTFE/MoS 

RFMS/PTFE/MoS 

DCS/PI/MoS 

MLS/PI/MoS 

RFMS/PI/MoS 


T - 1 - 1 - 1 - 1 - 1 - 1 - 1 - T 

0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 
A  track  width/million  cycles,  mm/1E6  cycles 

Fig.  5-45  Increase  of  ball/inner  race  track  width  per  million  test  cycles. 


than  those  tested  with  Duroid  retainers  when  coated  with  the  same  M0S2  film  (Fig.  5-46). 
The  abrasive  nature  of  the  chopped,  glass  fiber  reinforcement  used  in  the  Duroid  retainers 
may  of  contributed  to  wear.  In  contrast,  the  Salox  retainer  material,  which  contains  only 
bronze  in  addition  to  the  PTFE,  is  not  as  likely  to  abrade  the  metal  surfaces. 

The  loss  in  preload  generally  correlates  with  the  increase  in  track  width  (see  Fig.  5-47).  This 
is  a  consequence  of  the  internal  clearance  change  of  the  hard  (built-in)  preloaded  test  bearings 
and  its  affect  on  contact  angle  variation.  Apparently,  the  retainer  film  transfer  rate  was 
insufficient  to  offset  the  race  film  loss  and  any  metal  wear.  An  imbalance  in  this  process 
could  account  for  occasional  periods  of  torque  increase  observed  during  life  where  the 
retainer  temporarily  over-transfers  a  thicker  deposits  and  torque  decrease  when  the  transfer 
film  does  not  keep  up  with  film  loss. 


Internal  preload  of  the  hard  preloaded,  test  bearing  is  quite  sensitive  to  losses  in  race  coating 
thickness.  For  example,  a  loss  of  50%  of  a  nominal  1  )j,m  thick  film  on  both  races  reduces 
preload  by  approximately  9  lb  based  on  preload  measurements.  Thinner  films  would  thus  be 
preferred  from  this  point  of  view.  The  remaining  thickness  of  M0S2  plus  retainer  transfer 
film  left  on  post-test  examined  beiu'ings  generally  agrees  with  the  observed  loss  in  preload. 
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Fig.  5-46  Correlation  of  track  width  increase  with  initial  preload  for  long- 
lived  bearings.  Note  that  wear  is  proportional  to  initial  preload 


Fig.  5-47  Correlation  of  track  width  increase  with  preload  change  for 
long-lived  bearings 
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From  an  application  standpoint,  the  torque  and  preload  performance  of  M0S2  lubricated 
bearings  would  benefit  from  spring  rather  than  hard  preload.  Spring-preloading  would 
reduce  debris-related  torque  excursions  and  mitigate  preload  variations.  However,  spring 
loading  is  not  always  compatible  with  stiffness  driven  applications,  such  as  rapid  scanning 
space  gimbals,  where  high  structural  natural  frequencies  are  generally  desired. 

5.3.6  Comparison  with  Liquid  Lubricants 

Comparative  life  tests  were  conducted  with  105  size  bearings  lubricated  with  traditional  space 
gimbal  bearing  greases  and  those  being  considered  for  near  future  applications.  These  tests 
were  to  serve  as  a  "benchmark"  to  judge  the  relative  performance  of  the  M0S2  film  bearings. 
Four  synthetic,  vacuum  stable  lubricants  were  tested  with  either  plain  steel  balls,  those  ion- 
sputtered  with  titanium  nitride  (TiN)  or  with  solid  Si3N4  balls  (Table  5-48).  The  test  greases 
consisted  of  a  148  cS  at  40°C  perfluoro  polyalkylether  oil  in  a  PTFE  thickener  (PFPE  grease 
or  Bray  600™),  a  60  cS  neopentyl  ester  oil  in  lithium  sterate  thickener  +1%  TCP  (NPE 
grease  or  Rheolube  952™),  a  56  cS  polyalphaolefin  oil  (181B™)  in  a  cabosil  thickener  +1% 
TCP  (PAO  grease)  and  a  110  cS  multiply-alkylated  cyclopentane  (MAC  or  Pennzane 
2000™)  oil  in  a  sodium  octadecyl  terephthalanate  thickener  (Rheolube  2000™)  with  3.5% 
lead  naphthanate  (PbNp)  for  antiwear.  All  bearings  were  tested  with  polyimide  ball  retainers 

(VespeFM). 

Table  5-48  Summary  of  comparative  105-size  liquid  lubricated 


test  bearing  combinations 


Preload 

Initial  Mean 

start 

Hertz  Strs 

Post 

tLube  ttBall  #Race 

lbs 

KSI 

Bray  600  Grease  (PTFE  thickener) 

preload  stress 

4.1a 

PFPE  Bare  Bare 

26 

103 

Average 

4.6a 

PFPE  Bare  Bare 

25 

102 

31  1  109 

1.12 

PFPE  Bare  TCP 

25 

102 

one-sigma 

1.6 

PFPE  SIN  Bare 

34 

130 

4.9  1  6 

1.5 

PFPE  SIN  Bare 

35 

131 

1 .3 

PFPE  TiN  Bare 

35 

114 

4.2b 

PFPE  TiN  Bare 

34 

113 

Bray  815Z  Oil  +  antiwear  additive 

4.4a 

PFPE  Bare  Bare 

27 

105 

PA 

0  Grease  (181B  oil  + 

Cabosil 

thickener) 

4.11b 

PAO  Bare  Bare 

25 

4.9a 

PAO  Bare  Bare 

29 

107 

Rheolube  952  Grease  (UC9  oil  +  lithium  thickener)  | 

4.7a 

^PE  Bare  Bare 

28 

106 

4.8a 

NPE  Bare  Bare 

25 

102 

Rheolube  2000  Grease  (Pennzane  +  Na  thickener) 

4.5a 

MAC  Bare  Bare 

32 

1 1  1 

4.2a 

MAC  Bare  Bare 

35 

114 

preload  stress 

I  tLube:  PFPE=Perfluoropolyalkyl  ether,  PAO^ 

= 

Average 

Polyalphaoelifin,  NPE=  Neopentyl  ether, 

30  1  108 

MAC=Multiple  alkylated  cyclopentane 

one-sigma 

ttBall: 

4.3  1  5 

titanium  nitride  coating,  SiN=Monolithic  silicon  nitride  I 

pRace:  Bare=  Untreated  52100  steel,  TCP=Tricry$l  phosphate  treatment  \ 
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PFPE  greases  have  considerable  space  flight  heritage  due  to  their  very  low  vapor  pressure 
and  low  pour  point.  They  are  considered  the  traditional  standard  for  the  industry.  Polyether 
and  polyalphaolefin  lubricants  have  also  been  used  in  space  but  not  as  extensively  as  the 
PFPE  lubricants.  The  MAC  lubricant  is  relatively  new  with  no  current  flight  data  but  has 
received  some  limited  ground  testing.  The  MAC  lubricant  is  considered  as  a  potential 
replacement  to  the  PFPE  oils  because  of  its  ability  to  accept  antiwear  additives  and  its  very 
low  outgassing  capabilities.  Its  cold  temperature  performance  while  on  a  par  with  the  other 
synthetic  oils  is  not  as  good  as  with  the  PFPE  fluids.  This  lubricant  was  introduced 
relatively  late  in  the  test  program  at  about  the  same  time  it  was  started  on  test  in  the  5-inch  OD 
test  bearing. 

Test  Conditions  The  liquid  lubricated  bearings  were  assembled  in  the  same  fashion  as 
those  for  the  M0S2  tests,  except  that  the  bearing  races  were  grease  plated  in  a  freon  bath  with 
the  test  lubricant  (approximately  15%  by  weight)  and  then  vacuum  dried.  Bearing  preloads 
were  comparable  to  those  used  in  the  M0S2  tests  (see  Table  5-48).  Mean  Hertzian  stress 
levels  averaged  1 10  ksi  and  108  ksi  for  the  dry  and  wet  105-size  test  bearings,  respectively. 

The  test  cycle  was  the  same  as  before  except  that  the  test  speed  was  reduced  by  about  50%  to 
ensure  that  the  bearings  operated  primarily  in  the  boundary  lubrication  regime  (see  Section 
4.3.2  Test  Cycle).  The  stop/start,  oscillatory  nature  during  gimbaling  provided  substantial 
periods  where  the  elastohydrodynamic  film  thickness  was  much  smaller  than  the  composite 
surface  roughness  or  lambda  ratio.  Lambda  ratio  ranged  from  zero  at  end  of  stroke  to  a  peak 
of  1.1,  0.4  and  0.4  at  mid  sti'oke  for  the  PFPE,  NPE  and  PAO  greases,  respectively. 

All  four  greases  were  life  tested  with  plain  steel  balls  while  just  the  PFPE  grease  was  also 
tested  with  ceramic  and  ceramic  coated  balls  (see  Table  5-48).  Each  combination  was  tested 
twice  for  a  total  of  10  bearing  tests.  A  PFPE  oil  (Bray  815Z)  with  a  special  anti  wear  additive 
was  also  tested. 

Test  Results  All  of  the  greased  lubricated  bearing  pairs  with  plain  balls  showed  steady 
low  torque  for  the  first  30  million  test  cycles  (see  Fig.  5-49).  The  only  exception  is  the  two 
bearings  lubricated  with  the  MAC  grease,  Fig.  5-49(g)-(h).  While  the  influence  of  gimbal 
cycle  mode  is  apparent  for  all  grease  lubricated  bearings,  it  is  however  very  strong  for  the 
MAC  bearings.  The  high,  intermittent  bearing  torque  in  MAC  lubricated  bearings  appeared 
to  be  associated  with  deposits  of  wear  products,  degraded  lubricant,  lubricant  thickener 
and/or  antiwear  additive  in  the  ball  track.  They  generally  occur  during  the  360°  rotation  of  the 
duty  cycle.  On  the  other  hand,  the  NPE  and  PAO  grease  bearings  showed  low,  steady 
torque  performance  to  beyond  35  million  cycles.  Fig.  5-49(c)-(e).  The  PFPE  grease  started 
to  show  signs  of  degradation  at  =  20  million  cycles  and  hard  failure  at  about  30  million 
cycles.  Fig.  5-49(a). 

In  contrast,  both  PFPE  lubricated  bearing  pairs  with  silicon  nitride  balls  showed  erratic 
torque.  Fig.  5-50(c)-(d),  as  did  one  of  the  two  pairs  of  TiN  coated  balls.  Fig.  5-50(a).  Post 
test  inspection  showed  that  the  sputtered  TiN  ball  coating  had  failed  in  one  of  the  bearings. 
The  other  bearing.  Fig.  5-50(b),  showed  no  such  problem.  Quality  control  for  ceramic 
coated  balls  is  quite  demanding  since  a  defect  on  any  one  ball  in  the  ball  set  can  lead  to  gross 
failure  and  non-destructive  inspection  is  not  currently  possible. 
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Torque  (in-lbs)  Torque  (in- lbs) 


0  2  4  6  8  10  12  16x10* 

Cycles 


15.2  15.4  15.6  15.8  16.0 

Cycles 


Fig.  5-49  Torque  histories  of  grease  lubricated  105  size  bearings  having 
plain  balls. 
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ceramic  balls  showing  reduced  lives 


Torque  Signatures  Representative  torque  signatures  for  the  greased  105  size  bearings 
appear  in  Figs.  5-51  to  5-55.  The  NPE  and  PAO  lubricated  bearings  show  little  change  in 
torque  signature  over  life.  The  PFPE  greased  bearing  torque  signature  is  clearly  degraded  at 
34.09  million  cycles  but  unchanged  at  17.9  million  (Fig.  5-53).  In  contrast,  the  PFPE 
greased  bearings  v.dth  TiN  coated  or  silicon  nitride  balls  showed  inferior  torque  signatures 
(Fig.  5-54).  Degradation  in  torque  performance  is  also  evident  with  the  MAC  greased 
bearings  (Fig.  5-55). 

Comparison  with  M0S7  Beariiigs  Cycle  life  to  0.44  in-lb  in  addition  to  detailed 
preload,  wear  and  torque  data  is  summarized  in  Table  5-56  for  the  liquid  lubricated  bearings. 
Preload  changes  and  wear  track  width  increases  are  relatively  small  for  the  non-failed 
bearings  compared  with  those  lubricated  with  M0S2  film  (Table  5-24). 

Torque  signatures  associated  with  the  liquid  lubricated  bearings  were  generally  superior  to 
those  solid  film  lubricated.  Fig.  5-57  shows  a  direct  torque  history  comparison  between 
M0S2  and  grease  lubricated  bearings.  Fig.  5-58  shows  a  representative  middle  of  life  (13  to 
20  M  cycles)  torque  signature  comparison.  Some  of  this  torque  smoothness  advantage  is  due 
to  less  debris  and  lower  retainer  friction  associated  with  the  wet  bearings. 
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Fig.  5*5 1  Torque  signatures  for  NPE  greased  bearing  at  18.6M  &  40.4M  cycles 


Fig.  5-52  Torque  signatures  for  NPE  greased  bearing  at  18.6M  &  33.7M  cycles 


Fig.  5-53  Torque  signatures  for  PFPE  greased  bearing  at  0,  18M  and  34  M  cycles 
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(b)  17.9  Million  test  cycles 

Fig.  5-54  Torque  signatures  for  ceramic  treated  balls  in  PFPE  greased  bearings 
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Table  5-56  Summary  of  105-size  bearing  performance  with  liquid  lubricants 
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#Race:  Bare=  Untreated  52100  steel,  TCP=Tricry$l  phosphate  treatment 
•Status:  F=failed  at  0.44  in-lb,  TC=  test  cutoff,  R~  still  running  on  test. 

**Max  Torque:  Typ.  Running^:  Typical  bearing  torque  range  from  low  to  high,  Peak  Excursion  =  highest 

torque  recorded  during  run,  End  of  Test  =  torque  at  test  cutoff  or  failure. 

# Ball/ Inner  Race  T rack  Width:  Averaged  upper  and  lower  bearing  track  width 


Fig.  5-57  Torque  history  comparison  of  MoS2  and  Grease  Lubricated  105  bearings 

At  approximately  12  million  cycles,  the  torque  and  torque  ripple  of  the  best  M0S2  coated 
bearings  from  each  of  the  three  sources  is  quite  competitive  with  the  Bray  600  grease  as 
shown  in  Fig.  5-59.  These  signatures,  taken  at  about  12  million  cycles  for  3  of  the 
lubricants,  show  ±  45  °  gimbaling  torque  together  with  torque  under  continuous  CW  and 
CCW  rotation  at  1  Hz  (90  °/s). 

The  effect  of  slew  rate  on  bearing  torque  was  investigated.  Fig.  5-60(a)  shows  that  peak  to 
peak  torque  of  M0S2  coated  bearings  (Ovonics  #2.10)  are  relatively  insensitive  to  gimbal 
rate  unlike  the  grease  lubricated  bearings  (Bray  600  #1.1)  are  quite  sensitive.  Fig.  5-60(b). 

Rate  increases  from  0.1  Hz  (±  8  deg/sec)  to  1  Hz  (±  80  deg/sec)  can  triple  drive  torque,  due 
to  viscous  grease  effects,  according  to  the  data  in  Fig.  5-61.  Thus,  the  torque  levels  with 
MoS2  bearings  become  more  attractive  than  grease  lubricated  bearings  for  applications  with 
high  scan  rates  and/or  cold  temperature  operation. 
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Fig.  5-58  Comparison  of  Grease  and  MoS2  lubricated  105  size  bearing 
torque  signature  at  mid-life 
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(b)  Bray  600  grease  bearing,  post  #1.1  @12.61  M  cycles 
Fig.  5-60  Torque  sensitivity  to  gimbal  rate  at  ±  80  deg  gimbal  angle 
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5.4  RESIDUAL  GAS  ANALYSIS  (RGA)  OF  TEST  CHAMBERS 

In  the  course  of  the  bearing  life  tests,  the  atmosphere  of  two  test  chambers  was  analyzed  by 
mass  spectroscopy  (residual  gas  analysis).  This  was  to  assure  that  there  was  no  significant 
presence  of  any  high  molecular  weight  species,  such  as  oils,  to  contaminate  the  M0S2  film 
test  bearings.  A  portable  quadrapole  sensor  head  replaced  the  cold  cathode  vacuum  gage  (the 
RGA  has  vacuum  measuring  capability).  The  RGA  mass  range  of  300  atomic  mass  units 
(AMU)  was  sufficiently  high  to  capture  high  molecular  weight  species  such  as  Freon. 

The  system  was  also  attached  to  the  test  chamber  with  the  liquid  lubricated  105-sized 
bearings.  Eight  hours  after  venting  and  pump  down,  the  vacuum  level  was  in  the  10'^  torr 
range.  This  vacuum  level  is  consistent  with  expected  gimbal  usage.  While  initial  spectra 
(obtained  within  an  hour  of  pump  down)  contained  some  components  from  gasket,  finger 
oils  and  cleaning  solvents,  these  high  molecular  weight  components  were  practically 
eliminated  after  the  first  day.  Water  vapor  was  by  fhr  the  largest  component  in  the 
atmosphere  with  smaller  amounts  of  hydrogen  and  nitrogen  also  present  (Fig.  5-62).  The 
peak  heights  in  the  spectra  provide  a  rough  indication  of  quantities  of  residual  gas  present. 
High  molecuhu-  weight  species  (>  40  amu)  appear  to  be  very  small.  This  indicates  the 
outgassing  from  gaskets,  wire  insulation,  and  lubricants  are  small  and/or  efficiently 
eliminated  by  the  turbomolecular  pump.  Note  that  efficiency  of  turbomolecular  pumps 
increase  with  gas  molecular  weight;  the  heavier  the  molecular  weight  of  the  residual  gas  the 
more  efficiently  it  is  pumped  away  by  the  turbopump.  1'his  vacuum  environment  is  typical  of 
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a  clean,  un-baked  turbomolecular  purnped  system.  After  a  few  days  at  vacuum,  only  water 
vapor,  hydrogen,  and  nitrogen  were  detected  (Fig.  5-63).  The  RGA  was  also  attached  to 
the  test  chamber  containing  two  1 17-sized  (5  inch  OD)  bearings  with  the  Ovonics  multilayer, 
fracture  resistant  films.  As  expected,  the  results  were  essentially  the  same. 


Fig.  5-62  Residual  gas  analysis  of  vacuum  chamber  containing  105-sized  thin 
film  bearings  after  initial  pump  down.  Spectral  peaks  associated 
with  hydrogen  (H2)  ,  water  vapor  (H2O), nitrogen  (N2)  and  carbon 
dioxide  (CO2)  are  denoted. 


m/e 


Fig.  5-63  Residual  gas  analysis  of  vacuum  chamber  containing  105-sized  thin 
film  bearings  after  a  few  days  of  operation.  Spectral  peaks 
associated  with  hydrogen  (H2)  ,  water  vapor  (H2O),  and  nitrogen 
(N2)  dominate 
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5.5  KEY  FINDINGS 


Thrust  Bearings  (5.1)  Thrust  bearings  provided  an  early,  quick,  inexpensive  test 
specimen  to  evaluate  different  tribomaterials.  However,  their  poor  quality  accelerated  the 
wear  process  and  resulted  in  early  failures.  Of  the  14  different  solid  film  lubricants,  the  NCT 
and  Hohman  M0S2  films  were  the  best  performers  and  selected  for  subsequent  tests. 
Diamond-like  carbon  films  and  ion-plated  lead  bearings  gave  poor  performance. 

Life  (5.3)  PTFE  and/or  PTFE-bronze  composite  retainers  were  required  for  long  life  (>40 
million  cycles)  no  matter  which  M0S2  film  deposition  process  was  used.  On  the  other  hand, 
polyimide  retainers,  ceramic  balls  or  those  coated  with  M0S2  had  short  lives,  irrespective  of 
the  deposition  process. 

Failure  Mechanism  (5,3)  Elevated  torque  were  attributed  to  excess  debris  from  film 
delamination  and  retainer  transfer  film  material.  Occasionally  large  torque  excursions 
occurred  between  short  stroke  and  long  stroke  modes  due  to  rolled-over  end  of  stroke  debris 
and  perhaps  over-transfer  of  retainer  transfer  material.  The  match  between  retainer  transfer 
rate  and  rate  of  film  loss  is  critical  for  long  life  with  reasonably  constant  torque. 

Torque  Excursions  (5.3.2)  Although  torque  excursions  of  3  or  4X  were  occasionally 
encountered  during  test,  the  internally-generated  high  preload  apparently  accelerated  film 
wear  providing  some  self-limiting  effect  on  torque.  None  of  the  long  lived  bearings,  that  is 
those  with  PTFE  based  retainers  and  uncoated  steel  balls,  produced  a  hard  jam  torque  failure 
(>10X  torque),  unlike  bearings  with  M0S2  coated  balls  or  those  with  Si3N4.  Torque  levels 
on  some  bearings  improved  with  test  cycles  as  the  bearing  film  wore  and  the  internal  preload 
was  relaxed.  For  example,  the  52  lb  high  preload  bearing  had  a  high  torque  up  until  41 
million  cycles  and  then  dropped  substantially  from  wear  out.  The  bearing  never  jammed. 

Torque  Signatures  (5.3.2)  In  general,  lower  gimbaling  torques  were  associated  with 
the  smaller  gimbaling  motions  (±  10°)  where  debris  could  be  deposited  between  the  ball  paths 
and  retainer  material  transfer  to  the  ball/race  contact  was  minimal.  Large  torque  bumps  from 
end-of-stroke  debris  was  observed  with  large  debris  producing  combinations,  such  as  M0S2 
coated  balls  or  polyimide  retainers.  The  better  long-lived  M0S2  bearings  produced 
reasonably  constant  (  A  <  25%)  torque  signatures  through  out  life.  However,  the  torque 
signature  test  taken  at  very  long  intervals  rarely  captured  the  transient  torque  excursion 
observed  occasionally  during  the  gimbaling  life  test.  Thus  real  time  torque  monitoring  during 
life  testing  is  considered  a  must. 

Preload  (5.3.4)  Compared  to  the  choice  of  retainers  and  ball  treatments,  initial  preload 
appeared  to  have  less  effect  on  life.  Both  long  and  short  lived  bearing  groups  had  about  the 
same  statistical  distribution  of  high  and  low  preload  values. 

Preload  levels  increased  for  all  but  one  of  the  bearings  incorporating  either  SisNq  balls  or 
steel  balls  coated  with  M0S2  at  the  time  of  failure.  This  coupled  with  the  observation  of 
copious  amounts  of  M0S2  dust  in  these  bearings  indicates  that  debris  jamming  contributed  to 
torque  failure.  With  one  exception,  long-lived  bearings  (>  40  million  cycles)  having  PTFE 
or  Br-PTFE  type  retainers  with  plain  balls  experienced  some  preload  reduction  or  remained 
essentially  unchanged.  Preload  losses  of  less  than  20%  were  measured  on  some  bearings 
with  more  than  40  million  gimbal  test  cycles  or  about  a  6%  loss  in  stiffness. 
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From  an  application  standpoint,  the  torque  and  preload  performance  of  M0S2  lubricated 
bearings  would  benefit  from  spring  rather  than  hard  preload.  Spring-preloading  would 
reduce  debris-related  torque  excursions  and  mitigate  preload  variations.  However,  spring 
loading  is  not  always  compatible  with  stiffness  driven  applications,  such  as  rapid  scanning 
space  gimbals,  where  high  structural  natural  frequencies  are  generally  desired. 

Track  Widths  (5.3.5)  Post  test  measured  bearing  track  width  was  proportionately  larger 
for  bearings  with  higher  initial  preload,  as  might  be  expected  from  the  classical  wear  equa¬ 
tions.  The  loss  in  preload  generally  correlates  with  the  increase  in  track  width.  This  is  a 
consequence  of  the  internal  clearance  change  of  the  hard  (built-in)  preloaded  test  bearings  and 
its  affect  on  contact  angle  variation. 

Comparison  with  Liquid  Lubricants  (5.3.6)  Torque  signatures  associated  with  the 
liquid  lubricated  bearings  were  generally  superior  to  those  solid  film  lubricated.  However, 
the  torque  levels  of  the  liquid  lubricants  were  clearly  speed  sensitive  where  those  M0S2 
lubricated  were  not.  Combinations  of  cold  temperature  and  high  slew  rates  favor  M0S2 
lubrication.  The  NPE  and  PAO  lubricated  bearings  show  little  change  in  torque  signature 
over  life  as  did  the  PFPE  greased  bearing  up  until  about  34  million  cycles  when  torque 
degradation  was  observed.  In  contrast,  the  PFPE  greased  bearings  with  TiN  coated  or  silicon 
nitride  balls  showed  inferior  torque  signatures,  and  degradation  in  torque  performance  was 
also  evident  with  the  MAC  greased  bearings. 
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Section  6  PRECISION  GIMBAL  BEARING  TESTS 

The  105-size  bearing  tests  were  used  to  identify  the  most  promising  MoS 2  film  to  be  carried 
forward  for  full-scale,  gimbal  bearing  tests.  As  discussed  in  Section  4.3,  bearing  sizes  were 
picked  to  envelope  those  proposed  for  the  Brilliant  Eyes  payload  gimbals.  The  intent  was  to 
quantify  the  effects  of  bearing  size  on  both  film  performance  and  film  quality  control,  since 
no  test  data  were  available  on  bearings  of  the  size  needed  for  the  larger  SDI  payload  gimbals. 

Life  tests  with  torque  monitored  were  conducted  on  seven  pairs  of  117-size  (5  inch  OD) 
bearings  and  four  pairs  of  12  inch  OD  size  bearings.  The  test  matrix  and  summary  of 
performance  appears  in  Table  6-1.  The  multilayer  Ovonics  MoS 2  film  with  Salox  retainers 
was  selected  for  full  scale  evaluation  based  on  its  long  term  performance  and  consistency  of 
the  deposition  process  as  described  in  Section  7.3.  The  two  alternate  films,  Hohman  and 
NCT,  also  showed  long  lives  with  poly-tetrafluoroethylene  (PTFE)  based  retainers  and  were 
close  second  choices.  The  neopentyl  ester  based  grease  was  selected  as  the  benchmark  liquid 
lubricant  for  the  12-inch  bearing  tests  based  on  its  exceptionally  low  torque  throughout  life. 
Its  performance  was  closely  paralleled  by  the  polyalphaolefin  grease.  The  MAC  grease  was 
selected  for  the  5-inch  OD  (117-size)  bearings  relatively  late  in  the  test  program  based  on 
reports  of  good  performance  from  outside  sources,  although  no  105-size  bearing  test  data 
were  yet  available. 


Table  6-1  Summary  of  precision  gimbal  bearing  performance  with  MoS2  and  grease  lubrication. 

1 1 7-Size  and  1 Z  inch  Ovonics  MoS2  Lubricated  Bearings 
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6.1  LIFE  TEST  SETUP 

6.1.1  Test  Rig 

The  full  scale  bearing  life  tests  were  conducted  on  the  same  fixtures  used  to  perform  the 
special  screening  tests.  Each  fixture  was  modified  to  accommodate  two  full  scale  elevation 
size  or  azimuth  size  duplex  bearing  (Fig.  6-2).  The  bearings  were  mounted  and  clamped  in 
precision  inner  and  outer  test  rings  which  simulated  expected  rotor  and  housing  stiffness  and 
fits.  The  test  rings  were  manufactured  to  diametral  tolerance  of  less  than  100  |i  inch  (see 
Table  4-16).  After  bearing  pre-life  functional  tests,  the  bearing  cartridges  were  mounted  on 
to  drive  spindles  in  the  vacuum  bell  jars.  The  bearing  cartridges  extra  weight  was  off-loaded 
by  suspension  cables.  Precision  load  cells  restrained  the  bearing  outer  race/housing 
providing  direct  torque  readings. 


Fig.  6-2  Gimbal  bearing  life  test  rigs 
6.1.2  Test  Cycle 

The  test  cycle  was  similar  to  that  used  for  the  105  size  bearing  tests,  except  the  gimbal  angles 
were  reduced  to  ±  60  degrees  and  ±  5  degrees.  The  larger  angle  provided  34  and  8  ball/inner 
race  stress  cycles  for  the  12  and  5  inch  bearings,  respectively.  The  ±  5  degree  stroke  was 
less  than  one  ball  path  over  lap  for  either  bearing.  The  cycling  rate  was  reduced  according  to 
bearing  size  and  type  of  lubrication  (see  Fig.  4-11).  The  grease  lubricated  bearing  rates  were 
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lowered  to  keep  peak  EHD  lambda  ratios  less  than  one.  The  stop-start  nature  of  gimbaling 
assures  boundary  lubrication  for  a  substantial  period  of  the  test  time. 


6.1.3  Test  Bearings 

As  described  in  Section  4.4.1,  test  bearing  geometry  and  surface  finish  were  made  to  flight 
quality.  Each  bearing  was  delivered  with  dimensional  and  performance  acceptance  test  data. 
A  comparison  of  bearing  sizes,  geometry  and  typical  acceptance  test  data  can  be  found  in 
Fig.  6.3. 


•  Angular  Contact,  Duplex  Bail  Bearings 

*  Class  7  Precision  /  Grade  5  bails 

•  Built-in  Hard  Preload 

•  Honed  Races  (roughness  < 

2  ]x  in  rms) 

105  Size 

117  Size 

12  inch 

•25  X47mm 

•  85  X  130mm 

•  280  X  305  mm 

•  15  ®  Contact  Angle 

•  15  °  Contact  Angie 

•  15  ®  Contact  Angle 

•  12  balls  (0.25  in) 

•  20  bails  (0.56  in) 

•104  bails  (0.25  in) 

•  30  lbs  Norn  Preload 

•  210  lbs  Norn  Preload 

•  225  lbs  Nom  Preload 

•  108  Ksi  (Mean  Hertz) 

•  105  Ksi  (Mean  Hertz) 

•  100  Ksi  (Mean  Hertz) 

•AiSI  52100 

•AISI  52100 

•  AISI  440-C 

Bearino  Acceotance  Tests  Parameters 

•  Preload 

•  Axial  Stiffness 

•  starting  Torque 

•  Contact  Angie 

•  Angular  Runout 

•  Running  Torque 

•  Surface  Roughness 

•  Deviat  from  True  Circle 

•  Transverse  Curvature 

Fig.  6-3  Gimbal  bearing  comparison  and  acceptance  parameters 


6.2  PARAMETRIC  TESTS 

Parametric  functional  tests  were  performed  on  the  full-scale  gimbal  bearings  prior  to  life  test. 
This  provided  a  start  of  life  reference  to  compare  end-of-life  performance  to  as  well  as 
provide  a  check  on  bearing  quality,  specifically  running  torque,  angular  runout,  mounted 
preload  ^d  axial  stiffness.  In  addition,  these  functional  tests  provided  critical  bearing  data 
for  predicting  gimbal  performance  at  not  only  beginning  of  life  but,  more  importantly,  end- 
of-life  as  well.  Key  bearing  characterization  data  is  illustrated  in  Fig.  6-4.  Details  of  the  test 
setup  can  be  found  in  Section  8.2. 
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6.2.1  Torque  Signature 

The  torque  and  torque  ripple  measurements  are  performed  on  a  precision  rate  table, 
supported  on  air  bearings.  (Fig.  6-5).  The  rate  table,  having  less  than  25  |lI  inch  radial 
runout,  is  driven  by  a  brushless  DC  motor/encoder  servo  with  <  1  arc  second  resolution. 
The  motion  of  the  table  is  completely  flexible,  being  controlled  by  a  PC.  Bearing  torque  is 
direcdy  measured  using  a  reaction  load  cell  mount  to  the  outer  test  ring. 


Fig.  6-4  Precision  Bearing  Torque  Ripple  Test 


* 
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6.2.2  Angular  Runout 

Bearing  angular  runouts  use  an  X-Y  autocollimator  with  a  rotating  alignment  mirror  as 
shown  in  Fig.  6-6.  The  bearing  inner  race  is  driven  by  the  rate  table  through  a  soft  drive 
coupling.  The  system  is  calibrated  via  an  optical  wedge,  which  determined  bearing 
precision.  Minimum,  maximum  repeatable  and  non-repeatable  angular  runout  down  to  0.25 
arc  second  can  be  determined. 

A  typical  angular  runout  plot  for  the  5-inch  bearing  showing  1.2  arc  sec  repeatable  runout 
and  0.8  arc  sec  non-repeatable  runout  appears  in  Fig.  6-7.  The  repeatable  runout  is  attributed 
to  race  grinding  inaccuracies.  It  is  the  maximum  minus  the  minimum  deviation  from  true 
circularity  of  the  angular  runout  plot.  The  non-repeatable  runout  is  due  to  mismatches  in  ball 
diameters.  It  is  the  maximum  thickness  of  the  trace  at  one  location  after  several  turns  due  to 
nonuniform  ball  tumbling.  Repeatable  and  non-repeatable  runouts  were  typically  less  than 
1.5  and  1  arc  sec  for  the  5-inch  bearings  and  4.5  and  1.5  arc  second  for  the  12-inch 
bearings. 


Fig.  6-6  Angular  runout  setup 
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Fig.  6-7  Typical  Angular  Runout  Data  for  5  inch  bearing  showing  1.2  and 
0.8  arc  sec  repeatable  and  non-repeatable  angular  runouts 


6.2.3  Preload  and  Stiffness 

The  preload  of  both  5  inch  and  12  inch  bearings  were  specified  to  the  bearing  vendor.  The 
bearing  vendor  measured  and  controlled  the  preload  of  the  12  inch  bearing  as  mounted  in  the 
precision  test  rings  which  formed  the  bearing  cartridge.  Adjustments  were  made  for  the 
thickness  of  the  M0S2  film  for  the  solid  lubricated  bearings.  The  starting  preloads  of  the  as 
delivered  12  inch  bearings  were  remeasured  at  LMSC.  Preload  averaged  225  lb  ±  10  lb  one 
sigma  at  an  average  mean  Hertz  stress  level  of  100  KSI  (see  Table  6-1).  A  typical  preload 
plot  appears  in  Fig.  6-8. 

The  preload  of  the  as  delivered  1 17  size  or  5  inch  bearing  was  nominally  75  lbs  in  the 
unmounted  condition  without  any  M0S2  film  coating.  This  preload  when  fitted  into  the  test 
rings  with  M0S2  typically  exceeded  200  lbs.  It  was  necessary  to  order  several  sets  of 
replacement  balls  graduated  20,  50  and  100  microinches,  some  over  sized  and  some  under 
sized,  to  adjust  preload.  In  this  way,  starting  preload  averaged  206  lb  ±  12  lb  one  sigma 
(106  KSI)  for  the  M0S2  bearings  and  251  lb  ±  8  lb  one  sigma  (1 14  KSI)  for  those  grease 
lubricated  (see  Table  6-1). 
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As  mentioned  in  Section  4.1.2,  bearing  on-orbit  and  launch  stiffness  are  typically  design 
drivers.  The  12  inch  bemng’s  acceptance  data  package  typically  included  axial  stiffness  for 
the  hard  preloaded,  bearing  cartridge.  These  stiffness  numbers  were  reconfirmed  at  LMSC 
to  provide  a  reference  to  compare  with  end  of  life  stiffness.  The  axial  stiffness  of  the  12  inch 
bearings  typically  ranged  from  1  to  1.2  million  IbAmch  (see  Fig.  6-9).  Similarly,  the  stiffness 
of  the  1 17-size  bearings  were  found  to  range  between  3(X)K  to  4(X)K  Ib/in  (see  Table  6-1). 


Fig.  6-9  Typical  axial  stiffness  trace  for  a  12  inch  test  bearing.  (1.1  million  Ib/in). 
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6.2.4  Dahl  Friction 

For  pointing  type  gimbals,  the  small  angle  torque  displacement  characteristics  of  a  bearing, 
particularly  its  torsional  stiffness,  are  important  from  a  servo-control  stand  point  (see  Section 
8.1.1).  In  this  region,  referred  to  as  Dahl  friction  after  Phil  Dahl  who  was  the  first  to  attempt 
to  model  it  [6-1],  the  traction  in  the  ball/race  contact  has  yet  to  reach  its  limiting  value  before 
gross  slip.  Thus  the  ball  is  in  a  "windup"  mode  before  it  actually  starts  to  roll.  The 
tangential  elastic  compliance  of  the  contact  governs  the  bearing  "windup"  stiffness  [6-2]. 
Since  the  shear  modulus  of  the  M0S2  films  is  much  lower  than  the  steel  bearing  race 
substrate,  the  application  of  M0S2  film  lubricants  to  bearings  was  expected  to  lower  the 
Dahl  friction  slope. 

The  bearing  rate  table  setup  shown  in  Fig.  6-6  was  modified  with  a  high  precision  linear 
actuator  to  generate  "hysteresis  loops."  A  proximity  probe  displacement  system  was 
installed  to  get  angular  resolution  down  to  the  arc  second  level. 

As  expected,  the  M0S2  bearings  were  more  torsionally  compliant  than  those  grease 
lubricated.  Fig.  6-10  shows  representative  small  angle  hysteresis  loops  for  the  117-size  (5- 
inch)  bearings  with  both  wet  and  dry  lubricants.  The  windup  angle  before  breakaway  is 
significantly  larger  for  the  M0S2  bearing,  while  the  initial  slope  is  lower. 


Grease  Lubricated 
117  Size  Bearing 


Ion-Sputtered  MoS2 
117  Size  Bearing 


,04 


i.io 


.Ao2'Ik1 


Fig.  6-10  Dahl  Torque  Trace  for  Flight  Bearing 


6.3  TWELVE  INCH  BEARINGS  WITH  NICKEL/MULTILAYER  FILMS 

A  problem  with  M0S2  film  delamination  was  encountered  with  the  12-inch  bearings  during 
prelife  functional  tests.  Initially,  the  torque  performance  of  the  M0S2  film  lubricated  12-inch 
bearings  was  exceptional  good  in  comparison  with  the  12-inch  grease  lubricated  bearing 
based  on  the  bearing  vendor's  acceptance  torque  traces,  (see  Fig.  6-11).  However,  after  a 
small  amount  of  additional  testing  both  torque  and  torque  ripple  essentially  doubled  in  value 
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as  shown  in  Fig.  6-12.  Visual  inspection  of  the  bearing  races  showed  that  the  film  had 
delaminated,  (see  Section  7.5)  In  addition,  one  of  the  5-inch  (1 17-sized)  bearings  deposited 
with  multilayer  Ni/MoS2  films  also  exhibited  failure  during  prefuntional  testing. 
Disassembly  and  examination  of  this  bearing  revealed  M0S2  debris  in  the  retainer  ball  pocket 
(Fig.  7-26)  that  had  spalled  from  the  races. 


6.3.1  Fracture  Resistant  Films 

As  described  in  Section  7.5.1,  a  joint  effort  was  undertaken  with  Ovonics  Synthetic 
Materials  to  develop  an  M0S2  film  with  more  fracture  resistance  than  the  10%  nickel 
multilayer  films  used  in  the  105-  bearing  tests.  A  simple,  ball-on-plate  tester  was  developed 
to  evaluate  the  film's  resistance  to  cracking.  Gold-Paladium,  replaced  nickel  as  the  interlayer 
and  the  thickness  of  the  interlayer  and  total  film  was  varied.  Specimens  with  different 
roughness  levels  were  also  evaluated.  Surface  roughness  was  found  to  play  a  surprisingly 
large  role  in  film  delamination.  Films  with  10%  Au-Pd  interlayer  thicknes.ses  quickly 
developed  incipient  cracks  along  the  grinding  mark  ridges  of  the  test  plate  with  ground 
surface  finish  at  maximum  contact  stress  levels  of  236  ksi.  These  cracks  quickly  led  to  large 
scale  film  delamination.  Surface  roughness  effects  were  not  previously  appreciated  by  prior 
experimenters  with  these  films  who  generally  used  polished,  pin-on-disk  test  specimens  in 
their  work.  Furthermore,  rolling  contact  film  delamination  was  much  different  from  the  wear 
through  failure  modes  associated  with  pure  sliding  pin-on-disk  testers.  The  net  result  was 
that  optimum  film  composition  and  thickness  found  from  lightly  load,  pure  sliding 
tribometers  were  much  less  than  optimum  for  ball  bearing  applications.  Recommended  films 
based  on  sliding  tribometer  data  are  very  dense,  hard  and  relatively  thick  to  extend  wear  life. 
On  the  other  hand,  films  for  rolling  contact  bearings  should  be  less  brittle  and  thinner  to 
reduce  the  tendency  to  spall. 

The  work  at  Ovonics  indicated  that  a  multilayer  film  with  about  45%  Au-Pd  and  a  thickness 
of  approximately  0.3  |Xm  would  have  considerably  more  fracture  toughness  in  a  bearing 
contact,  (see  Section  7.5.1).  As  a  result,  the  film  was  changed  to  this  "high"  gold  film  for 
the  5-  and  12-inch  life  test  bearings  and  the  nominal  film  thickness  was  reduced  from  1  jim 
to  0.3  |im.  In  addition,  two  pairs  of  105-size  test  bearings  were  also  coated  with  the  thinner, 
Ovonics  "high"  gold  films  to  get  comparative  data  against  the  other  M0S2  films. 

6.3.2  105  Size  Bearing  Tests  with  Fracture  Resistant  Films 

The  105-size  bearings  having  the  new  M0S2  gold  film  were  tested  in  parallel  with  the  5  and 
12-inch  bearings.  Thus  105-bearing  life  test  results  with  the  new  films  were  not  available 
prior  to  beginning  the  large  gimbal  bearing  tests.  Fig.  6-13  shows  a  torque  history 
comparison  between  the  low  nickel  and  high  gold  films.  Although,  improvements  in  torque 
are  noted  in  the  mid  to  end-of-test  region,  torque  excursions  were  still  observed  early  in  the 
life  tesfl .  On  the  other  hand,  torque  signatures  were  quite  good  at  various  points  through  life 
(see  traces  at  start,  20M  and  35M  cycles  in  Figs.  6-14  and  6-15).  Such  results  were 
observed  with  other  screening  test  bearings,  suggesting  that  transient  debris  buildup  was  still 
the  likely  root  cause  of  the  torque  excursions.  As  discussed  in  Section  7.6.1,  although 
evidence  of  fracture  fraeture  was  not  found  during  posttest  SEM  examination,  the  ball  track 
on  the  inner  race  was  well  defined  by  the  edges  of  the  film  where  the  film  had  been  worn  off 
(Fig.  7-37b). 


t 


Unfortunately,  a  glitch  in  the  data  recording  equipment  caused  a  data  drop  out  for  the  first  5  million  cycles. 
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(a)  Torque  signature  of  M0S2  film  lubricated,  12  inch  bearing 


(b)  Torque  signature  of  grease  lubricated,  12  inch  bearing 

Fig.  6-11  MoS2/Ni  filin  had  excellent  torque  signature  performance  on 
as  delivered  test  bearings  before  film  delamination. 


(b)  Torque  signature  of  12  incfe  Sjesriffig  (s/s  after  film  delamination 

Fig.  6-12  Effect  of  Mo§2  fllwi  delamirosfiiios'i!  on  torque  signature 


Torque  (in-lbs) 


Fig.  6-13  Comparison  of  torque  histories  of  high  gold  and  low  nickel  multi-layer 
film  105-size  test  bearings.  (Note  data  drop  out  due  to  equipment  problem) 
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Fig.  6-14  105-Size  bearing  torque  traces  at  start,  middle  (19.9M)  and 
end-of-test  (35.4M)with  high  gold  Ovonics  film  (post  4.3a) 
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Fig.  6-15  105-Size  bearing  torque  traces  at  start,  middle  (19.9M)  and 
end-of-test  (35.4M)with  high  gold  Ovonics  film  (post  4.12) 


6.4  TORQUE  CHARACTERIZATION  OF  12  INCH  BEARINGS 

Twelve  inch  test  bearings  were  prepared  with  the  gold  Ovonics  films  and  pre-life  functionally 
tested.  These  functional  tests  include  characterization  of  the  beginning-of-life  torque 
signatures  on  the  precision  rate  table.  These  signatures  were  obtained  by  rotating  the  bearing 
3  revolutions  in  each  direction  at  a  rate  of  1  deg/sec.  To  provide  a  standard  starting 
condition,  the  bearing  was  preconditioned  by  rotating  3  revolutions  in  the  reverse  direction  at 
5  deg/sec.  Rotating  the  bearing  through  several  revolutions  tended  to  redistribute  debris, 
lessening  the  jamming  effect  that  was  occasionally  observed  during  the  gimbaling  tests. 
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6.4.1  Torque  Signature  Comparison 

Fig.  6-16  shows  that  the  average  torque  levels  of  the  bearings  with  the  new  M0S2  film  were 
quite  low  compared  to  the  as-delivered  bearings.  A  direct  comparison  with  the  new  NPE 
greased  bearing  appears  in  Fig.  6-17.  Note  that  although  the  M0S2  bearing  has  somewhat 
higher  torque  ripple,  it  shows  virtually  no  torque/speed  sensitivity,  unlike  the  grease 
lubricated  bearing. 

A  torque  signature  power  spectral  density  (PSD)  plot  shows  that  the  M0S2  bearing  has  a 
higher  harmonic  component  than  the  greased  bearing.  (Fig.  6- 1 8).  Its  disturbances  occur  at 
the  ball  /  outer  race  defect  frequency,  suggesting  nonuniformity  of  the  film  coating  on  the 
outer  race. 
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Fig.  6-16  Starting  torque  traces  for  the  two  M0S2  lubricated  12  inch 
bearings  at  very  low  speeds  (0.07  deg/sec) 
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NPE  grease  at  1  deg/sec 


Brg  #2,  NPE  952+Vespel  Retainer-i-No  Ball  Coating,  5°/s 


NPE  grease  at  5  deg/sec 


Fig.  6-17  Dry  and  wet  lubricated  12  inch  bearing  torque  are  comparable 
at  start  of  life  test.  Greased  bearing  torque  is  slightly  quieter 
but  more  speed  sensitive 
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M  o  S  2  film  12  inch  bearing 


NPE  Grease  12  inch  bearing 


Fig.  6-18  Power  spectral  density  plots  show  less  torque  ripple  with  the 
greased  12  inch  bearing.  Harmonics  of  ball/outer  race  defect 
frequency  are  dominant  for  the  M0S2  bearing 


6.4.2  Speed  Effect 

The  first  two  pairs  of  12-inch  bearings  with  multilayer/gold  films  (posts  #1.1  and  #1.2  ) 
experienced  high  torque  levels  (>  30  in-lbs)  after  2.1  and  1.4  million  (see  Fig.  6-19)  test 
gimbal  cycles,  respectively.  It  was  suspected  that  a  buildup  in  torque  occurred  due  to  an 
oyer-transfer  of  Teflon  film  from  the  Teflon/bronze  composite  retainer.  This  buildup  in  film 
thickness  caused  an  increase  in  preload  with  a  corresponding  increase  in  bearing  drag  torque. 
Measured  torques  were  noticeably  higher  during  continuous  rotation  and  ±  60  deg  gimbaling 
where  retainer  rubbing  speeds  were  high  (9  to  1 1  inch/sec)  compared  with  ±  5  deg  operation 
where  sliding  speeds  were  low  (3  in/sec  peak)  as  shown  in  Fig.  6-19.  A  noticeable  torque 
buildup  with  time  was  observed  at  constant  slew  rates  above  120  deg/sec  with  the  12-inch 
bearing  (Fig.  6-20).  Bearing  torque  more  than  doubled  from  its  4.4  in-lb  starting  level  after 
approximately  2  minutes  or  44  revolutions. 

Retainer  film  over-transfer  was  confirmed  when  post-test  preload  measurements  indicated 
that  preload  increased  from  225  to  329  lbs  and  excessive  retainer  wear  on  the  OD  of  the 
toroid  ball  separators  was  found  during  a  tear  down  visual  inspection.  Because  of  these 
results,  the  continuous  rotation  mode  was  removed  from  the  test  cycle  and  the  ±  60° 
gimbaling  rate  was  reduced  from  0.6  Hz  to  0.28  Hz  so  that  peak  speeds  were  less  than  120 
deg/sec  as  shown  in  the  duty  cycle  table  appearing  in  Fig.  4-11.  At  the  same  time,  the 
gimbaling  rate  for  the  5-inch  bearing  was  also  reduced  from  0.8  to  0.5  Hz. 


Cycles 


Fig.  6-19  Torque  buildup  from  believed  Teflon  film  over-transfer  from 
higher  cage  speeds  during  large  angle  gimbaling  and 
continuous  rotation.  (12-inch  bearing  #4  post  1.1) 
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120  ®/sec.  6.0  In/sec 


108  '’/sec,  5.4  in/sec 


I 


0  In-lb 


44  revs 


66  revs 


12  inch  bearing  #4 

Fig.  6-20  Spin  test  at  constant  120  deg/sec  shows  torque  buildup  from 
Teflon  film  over-transfer  after  44  revolutions  (12-inch 
bearing  #4  post  1.1) 


6.5  TWELVE  INCH  BEARING  LIFE  TEST  RESULTS 

Two  pairs  of  12-inch  bearings  with  the  new  high  gold  Ovonics  films  were  put  on  life  test  at 
the  reduced  cycle  rate.  Erratic  torque  behavior  was  observed  within  the  first  million  test 
cycles.(Fig.  6-21).  The  tests  were  continued  to  determine  whether  the  torque  irregularities 
would  diminish  with  time.  However,  both  bearings  continued  to  show  large  torque 
excursions  with  bearing  S/N  #3  (post  1.1a)  suspended  from  test  at  4.5  million  cycles  for 
very  large  torque  (>  30  in-lbs).  Fig.  6-22  shows  the  torque  history  for  the  other  bearing 
(S/N  5a).  While  low  torque  levels  were  present  during  small  angle  ±5°  dither  of  less  than 
one  ball  track  overlap  (see  Fig.  6-22b),  large  angle  slews  of  ±  60°,  involving  overlap  of 
many  balls  (17  balls),  produced  high  torque  excursions.  This  is  again  believed  to  be  due  to 
rolled  over  MoS2/retainer  debris  that  accumulated  at  the  end-of-stroke  during  periods  of 
small  angle  dither.  The  effect  of  debris  on  torque  is  amplified  for  a  large,  thin  torque  tube 
type  of  bearing  since  they  are  very  stiff  and  have  many  small  balls  with  relatively  small 
Hertzian  deformations.  ' 


Posttest  examination  of  the  failed  bearing  (see  Section  7.6.1),  showed  a  considerable  amount 
of  retainer  debris  present  on  the  balls,  races,  and  retainers.  The  visual  appearance  of  the  ball 
track  was  similar  to  that  of  the  5-  and  105-size  bearings,  where  the  M0S2  film  was  lost  at  the 
edge  of  the  track  and  had  combined  with  a  relatively  thick  deposit  of  retainer  transfer  film  in 
the  center  of  the  track. 
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Fig.  6-21  Early  torque  histories  of  high  gold  M0S2  12  inch  bearing 
showing  erratic  torque  behavior. 
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Fig.  6-22  Debris-related  torque  excursion  observed  during  ±60  degree 
slew  as  shown  in  expanded  lower  view 
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6.5.1  Soft  Preload 

The  torque  excursions  exhibited  by  the  12  inch  bearing  (ITB  #5a)  from  debris  was  believed 
to  be  accentuated  by  the  high  stiffness  of  the  "hajd"  clamped  preload  arrangement.  A  stiffly- 
loaded  bearing  can  not  easily  accommodate  displacements  due  to  rolled-over  debris.  Preload 
and  torque  increases  are  the  result.  A  spring  clamping  or  "soft"  preload  screening  test  was 
initiated  to  investigate  its  potential  torque  mitigating  effects  on  the  12  inch  (ITB  #5a)  bearing. 
It  is  recognized  that  the  "soft"  mount  maybe  unacceptable  for  certain  gimbal  applications 
where  stiffness  is  a  factor. 

Functional  Tests-  Before  life  testing,  the  soft  preload  bearing  received  the  standard  end-of- 
life  functional  tests.  Bearing  mean  torque  measured  ±2.25  in-lbs  and  torque  ripple  measured 
4.1  in-lbs  (Fig.  6-23)  after  12.7M  test  cycles.  This  is  approximately  twice  the  mean  torque 
level  at  start  of  test  and  approximately  2.5  times  the  starting  torque  ripple.  Although  the 
mean  torque  levels  are  not  particularly  high  relative  to  the  end-of-test,  grease  lubricated  12 
inch  bearing  ,  the  torque  ripple  component  is  more  than  3  times  greater  (4.1  in-lb  vs.  1.2  in¬ 
lb)  (see  Fig.  6-24  and  note  change  in  Y-scale). 

Modest  changes  in  measured  preload  and  stiffness  were  also  noted  for  this  12  inch  bearing  at 
12.7M  cycles.  Bearing  preload  dropped  about  10%  from  215  lbs  at  the  start  to  189  lbs  (Fig. 
6-25).  The  axial  stiffness  also  decreased  slightly  from  1.06  xlO^  Ib/in  at  test  start  to  0.89 
xlO^  Ib/in  at  12.7M  cycles  (Fig.  6-26). 

Life  Tests-  Torque  shows  a  significant  reduction  at  the  start  of  soft  preload  life  test  as  shown 
in  Fig.  6-27(a).  However,  the  reduced  torque  only  lasted  another  1  million  cycles  or  so 
before  the  high  torque  returned  during  the  ±  60  °  gimbaling.  Fig.  6-27  (b).  It  is  likely  that  the 
introduction  of  soft  preload  was  implemented  too  late  in  life  to  be  of  much  benefit  for  a 
bearing  that  had  already  failed  from  excess  debris.  Soft  preload  remains  a  promising 
approach  to  help  extend  the  life  of  large  M0S2  sputtered  gimbal  bearings. 
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6-23  Torque  Signature  of  12  inch  Bearing  with  Ovonics  Film  at 
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Fig.  6-26  Axia!  Stiffness  of  12  inch  Bearing  with  Ovonics  Film  at 
12.7M  cycles. 


Torque  (in-lbs) 


(a)  Soft  preload  test  started  at  12.7M  cycles. 


(b)  Additional  cycle  life  after  12.7M  cycles 

Fig.  6-27  Soft  preload  extended  life  about  one  million  cycles  on 

Ovonics  film  bearing  that  previously  failed  at  12.7M  cycles. 
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6.5.2  Comparison  with  NPE  Greased  Bearing 

The  12-inch  bearing  (ITB  #2)  lubricated  with  the  neopentylester  grease  was  tested  to  nearly 
39  million  cycles.  Gimbaling  torques  typically  ranged  from  5  to  12  in-lb,  although 
excursions  to  16  in-lbs  occurred  in  mid-life,  (see  Fig.  6-28).  These  excursions  were  small 
compared  with  the  M0S2  bearings. 

The  posttest  visuals  showed  the  NPE  12-inch  bearing  to  be  in  very  good  condition,  little 
wear  was  found  on  either  the  balls  or  races,  and  the  retainer  ball  pockets  showed  little  or  no 
damage.  Copious  amounts  of  free  oil  was  still  available  on  the  bearing  races.  This  is 
consistent  wi  A  virtually  no  change  in  preload  over  life  (201  lbs  at  test  start  and  193  lbs  at  test 
end)  and  litde  change  in  torque  signature  (see  Fig.  6-24). 
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Fig.  6-28  NPE-greased  lubricated  12-inch  bearing  showed  good  torque 
performance  throughout  life.  Test  suspended  at  39M  cycles. 

6.6  FIVE  INCH  BEARING  LIFE  TEST  RESULTS 
6.6.1  M0S2  Sputtered  Bearings 

Like  the  12- inch  bearing,  the  first  pair  of  5-inch  or  1 17-size  bearings  with  the  nickel/Ovonics 
film  showed  high  torque  early  in  life.  This  bearing  (post  #3. la)  was  suspended  from  test  at 
2.44  million  cycles  ( Table  6-1). 

All  subsequent  bearings  were  then  coated  with  the  Ovonic  high  gold  films.  A  second  early 
failure  (bearing  on  post  #3.2)  occurred  at  40,000  cycles  due  to  an  oversized  bearing  ball  that 
was  300  p.  inch  larger  in  diameter  than  the  rest  of  the  ball  set.  This  put  undue  contact  stress 
on  the  film  which  appear  to  have  spalled  off  the  race. 
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6.6.2  Life  Tests 

Torque  histories  for  the  high  gold  M0S2,  5  inch  bearings  appears  in  Fig.  6-29.  The  bearing 
on  post  #3. lb  showed  relatively  steady  torque  early  in  life,  but  experienced  high  torque 
excursions  at  16  and  24  million  cycles,  Fig.  6-29(a).  The  post  #3. 2a  bearing  showed 
unusually  high  torque  early  in  life  that  diminished  with  time.  Fig.  6-29(b). 


(a)  Post  #3. lb  at  47 .9M  cycles 


(b)  Post  #3.2a  at  41.8M  cycles 

Fig.  6-29  Torque  history  of  high  goId-MoS2  lubricated,  117  size  bearings 
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Both  bearings  were  found  to  have  wear  patterns  similar  to  those  on  the  105-size  bearings.  The 
M0S2  film  was  clearly  fractured  or  vi'orn  off  at  the  edges  of  the  ball  track  with  some  residual 
film,  together  v/ith  bands  of  retainer  transfer  film  in  the  center  region  of  the  track  (See  7.6). 

Similar  to  the  12-inch  bearings,  a  noticeable  increase  in  torque  and  torque  ripple  was  measured 
from  the  posttest  torque  signatures  (Fig.  6-30).  The  torque  ripple  component  is  very  large 
compared  with  starting  trace  values.  ITie  preload  of  #3. lb  showed  a  substantial  drop  from  215  lbs 
at  the  start  of  testing  to  ~  150  lbs  at  end  of  life.  The  second  5-inch  bearing  showed  a  more  modest 
loss  in  preload  from  195  lbs  to  175  lbs  at  test  end.  Pfreload  changes  are  a  net  difference  between 
film  loss  through  wear  and  film  replenishment  from  the  transfer  of  film  from  the  retainer. 
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Fig.  6-31  The  post  #3. lb,  M0S2  Lubricated  117  Size  Bearing  showed  a 
significant  drop  (=  25%)  in  preload  at  test  end  (47.9M  cycles) 

6.6.3  Comparison  with  Grease  Lubrication 

The  multiple-alkylated  cyclopentane  (MAC)  grease  used  in  these  tests  contained  Pennzane 
2000™  oil  in  a  sodium  based  thickener  incorporating  3.5%  lead  naphthanate  for  antiwear 
protection.  The  first  test  bearing  (post  #2.2)  showed  erratic  torque  behavior,  first  only 
during  the  ±  5  deg  cycle.  As  the  life  test  progressed,  erratic  torque  occurred  for  both  small 
and  wide  angle  slews  (Fig.  6-32).  It  was  first  theorized  that  there  was  a  problem  with  this 
particular  grease  so  it  was  decided  to  rerun  the  test  with  the  NPE  grease,  a  known  good 
performer. 

When  the  test  was  rerun  with  NPE  grease,  a  similar  torque  pattern  resulted  (Fig.  6-33). 
Again  escalated  torque  was  first  observed  for  the  ±  5°  dither  cycle  only  and  later  for  both 
small  and  wide  angles.  Since  both  the  MAC  and  NPE  bearings  looked  dry  during  posttest 
examination,  it  was  h)q)othesized  that  there  may  not  have  been  enough  grease  in  the  bearing 
at  start  of  test.  Up  until  this  point  all  105-size,  5-  and  12-inch  bearings  had  received  the 
standard  grease  plate  procedure  where  bearing  races  and  balls  were  submerged  in  a 
freon/grease  bath  comprised  of  approximately  15%  by  weight  of  the  test  lubricant.  It  was 
thought  that  the  high  torque  encountered  during  +  5  degree  gimbaling  was  likely  the  result  of 
the  ball^ace  contact  drying  out,  since  a  ±  5  degree  angle  is  too  small  to  replenish  the  contact 
with  fresh  grease  that  had^en  squeezed  out. 

To  test  this  hypothesis,  a  third  pair  of  5-inch  bearings  was  prepared  with  2.5  gms  of 
additional  grease  per  bearing  ( 5  gms  per  pair)  injected  by  a  syringe.  This  was  in  addition  to 
the  0.4  gms  of  grease  that  is  normally  supplied  by  the  grease  plating  process.  This  represents 
a  grease  fill  of  about  15%;  considered  an  ample  supply  of  grease  to  rule  out  grease  starvation 
as  the  problem.  Furthermore,  more  grease  would  cause  a  bearing  drag  torque  problem  (Fig. 
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6-34).  The  extra  grease  did  help,  but  the  same  torque  problem  reappeared  after  about  8 
million  cycles  (Fig.  6-35). 

The  posttest  torque  signature  of  this  bearing  showed  considerably  more  bearing  torque  noise 
compared  with  the  starting  torque  trace  in  Fig.  6-36.  Hov/ever,  this  running  torque  trace 
does  not  happen  to  catch  the  bearing  producing  the  abnormally  high  peak  torque  as  observed 
in  Fig.  6-36.  This  suggests  that  the  source  of  high  torque  may  be  debris  which  can  be 
occasionally  trapped  between  the  balls  and  race. 

Post-life  test  visual  examination  indicated  that  the  bearings  were  relatively  wet  with  lubricant. 
Darkened  grease  of  a  gelatinous  consistency  was  found  in  the  ball  pockets  and  along  the  ball 
track  on  the  inner  race.  The  retainer  ball  pockets  were  not  worn.  The  carbonaceous  lead 
deposits  found  in  the  inner  race  ball  tracks  appear  to  be  sufficiently  thick  (at  least  a 
micrometer)  to  increase  bearing  torque.  Other  investigators  [6-3]  have  reported  that  the  lead 
naphthanate  antiwear  additive  will  form  thick  deposits  in  the  ball  wear  track  under  high  stress 
and  elevated  temperature  conditions.  The  deposit  no  doubt  forms  from  reduction/  de¬ 
composition  of  the  lead  naphthanate  antiwear  additive.  Although  this  reduction/ 
decomposition  of  the  lead  naphthanate  is  the  reason  for  its  addition  (which  minimizes  bearing 
wear),  a  high  rate  of  reduction/decomposition  will  cause  deposit  build-up,  increased  preload 
and  hence  an  increase  an  bearing  torque. 
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Fig.  6-33  NPE  greased,  5  inch  bearing  showed  similar  erratic  torque 
profile  to  the  MAC  greased  bearing  suggesting  insufficient 
grease  amount. 


Fig.  6-34  Effect  of  grease  amount  on  torque  for  MAC  lubricated, 
5  inch  bearing  at  1  deg/sec. 


Torque  (in-Ibs) 


(a)  Torque  peaks  start  at  =  8M  cycles 


(b)  Expanded  scale  showing  torque  peaks  during 
both  short  and  wide  gimbal  strokes 

Fig.  6-35  Repeat  test  with  MAC  greased,  5  inch  bearing  pair  with  10 
grams  of  extra  grease,  showing  delay  of  torque  spikes  to  8 
million  cycles. 
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6.7  SCALE  UP 

The  bearing  lives  with  the  larger  bearings  having  the  high  gold  Oyonic  films  were  much 
shorter  than  those  obtained  with  the  105-size  screening  bearings  (Fig.  6-37).  Furthermore, 
torque  excursions  were  more  severe.  Scale  up  of  the  deposition  process  for  larger  beanngs 
and  the  design  of  fixturing  required  several  iterations  (Section  7.6.1).  Higher  quality  films 
are  more  achievable  in  the  smaller  bearings. 

The  larger  diameter,  thin  section  gimbal  bearing  geometry  is  inherently  more  debris  sensitive, 
hence  a  poorer  candidate  for  solid  lubricant  films.  This  is  due  to  their  very  stiff  construction 
and  the  relatively  small  Hertzian  deflection  associated  with  a  large  number  of  small  balls. 
Also,  the  large  pitch  diameter  amplifies  frictional  forces  in  terms  of  torque  irregularities. 

Relative  increases  in  torque  between  small  and  large  bearings  are  also  shown  in  Fig.  6-37. 
Torque  increases  of  10  to  20  times  were  measured  between  the  two  bearing  sizes  when 
lubricated  with  either  M0S2  film  or  grease. 


Fig.  6-37  Effects  of  bearing  size  on  torque  and  life  of  Ovonics/Au  M0S2 
and  NPE  grease  lubricated  bearings 
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6.8  KEY  FINDINGS 

Film  Delamination  (6.3)  A  problem  with  M0S2  film  delamination  was  encountered 
with  both  the  12-  and  5-inch  bearings  deposited  with  multilayer  Ni/MoS2  films.  Thinner 
films  with  45%  Au-Pd  interlayers  were  found  to  be  more  fracture  resistant  based  on  a 
ball/plate  tester.  However,  these  films  did  not  totally  eliminate  film  delamination  in  either  the 
large  or  the  small  bearings. 

Speed  Effect  (6.4)  A  torque  build  up  with  rotational  speed  was  observed  with  the  12- 
inch  bearings.  This  was  attributed  to  an  over-transfer  of  PTFE  film  from  the  PTFE/bronze 
composite  retainer,  causing  a  buildup  in  film  thickness,  hence  preload.  A  large  preload 
increase  at  the  end  of  test  and  excessive  wear  of  the  Br-PTPE  toroidal  ball  separators  helped 
confirm  this  observation.  It  was  necessary  to  reduce  the  test  cycling  rate  in  order  to  inhibit 
retainer  material  over  transfer.  The  balance  between  race  film  wear  and  replenishment  by  the 
retainer’s  transfer  film  is  critical. 

Debris  Sensitivity  (6.5  &  6.6)  Large  periodic  torque  excursions  were  recorded  for 
both  5-  and  12-inch  M0S2  bearings.  The  12- inch  bearings  exhibited  the  highest  torque 
excursions  during  the  transition  from  ±  5  deg  cycling  (<  one  ball  track  spacing)  to  ±  60  deg 
(many  ball  track  overlaps).  These  excursions  were  attributed  to  rolled  over  MoS2/retainer 
debris  which  caused  large  increases  in  preload.  A  spring  or  "soft"  preload  test  was  devised 
to  desensitize  the  relationship  between  preload  and  debris.  An  immediate  torque  reduction 
for  the  next  million  cycles  resulted,  indicating  that  spring  preload  would  be  preferred  for 
bearings  using  M0S2  film  lubrication.  However,  such  an  approach  would  likely  be 
restricted  to  nonstiffness  driven  gimbal  applications. 

Torque  Performance  (6.4.1)  The  torque  performance  of  new  M0S2  bearings  is 
comparable  to  or  better  than  those  grease  lubricated  at  low  speeds  (Fig.  6-37).  At  higher 
speeds  and  presumably  colder  temperatures  the  M0S2  coated  bearing  has  an  advantage  due  to 
its  low  torque/speed  sensitivity.  On  the  other  hand,  the  torque  signature  of  the  M0S2 
lubricated  bearings  degraded  more  quickly  with  time  than  those  grease  lubricated.  This  is 
likely  a  result  of  unevenness  of  the  film  coating/retainer  transfer  deposits  in  combination  with 
higher  retainer  fnction.  The  large  torque  excursions  observed  during  the  gimbal  life  test  did 
not  always  occur  during  a  multi-rev  torque  signature  test.  Rotating  the  bearing  through 
several  revolutions  in  each  direction  tended  to  redistribute  debris  and  smooth  out  the  torque. 
Such  a  technique  might  prove  to  be  a  reasonable  on-orbit  maintenance  procedure  for 
improving  dry  film  bearing  torque  performance. 

Life  (6.5,  6.6  and  6.7)  The  life  of  12-inch  bearings  with  M0S2  lubrication  was 
relatively  short  compared  with  the  comparable  grease  lubricated  bearings  and  the  smaller 
M0S2  test  bearings.  The  two  pair  of  M0S2  coated  5-inch  bearings,  although  having  some 
major  torque  excursions,  were  still  tested  to  more  than  40  million  test  cycles.  The  bearings 
experienced  some  wear  and  loss  in  preload  The  12-inch  bearing  was  judged  particularly 
sensitive  to  MoS2/retainer  debris  because  of  its  high  stiffness,  large  torque  arm  and  small 
ball  Hertzian  deflections. 
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Fig.  6-38  Comparison  of  torqoe  signatures  of  new  12  inch  bearings  lubricated 
with  NPE  grease  (top)  and  Ovonics/Au  M0S2  (bottom) 
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Section  7 


CHARACTERIZATION  OF  THIN  FILMS  AND  TESTED 
BEARING  COMPONENTS 


This  section  presents  the  results  of  detailed  examination  of  the  tested  bearing  components.  In 
addition,  thin  films  deposited  on  specialized  test  samples  and  witness  plates  were 
characterized  in  order  to  optimize  the  deposition  process  and  improve  thin  film  properties. 
Films  tested  on  small  thrust  bearings  were  deposited  by  Aerospace  Corporation,  Hohman 
Plating  &  Mfg.,  National  Center  of  Tribology  (NCT),  Naval  Research  Laboratories  (NRL) 
and  Ovonics  Synthetic  Materials  Co.  Hohman,  NCT,  and  Ovonics  were  chosen  to  deposit 
films  on  the  105-size  angular  contact  bearings  for  the  comprehensive  screening  tests. 
Ovonics  was  selected  to  deposit  films  on  the  5-  and  12-inch  bearings.  Perfluoroalkyl 
polyether,  synthetic  hydrocarbon  and  ester  greases  that  were  tested  in  angular  contact 
bearings  were  also  examined  for  comparison. 


7.1  THRUST  BEARINGS 

The  thrust  bearings  were  disassembled  after  testing  and  examined  visually  with  a  light 
microscope  and  in  a  SEM.  All  of  the  worn  films  appeared  similar  with  two  exceptions: 

1 .  One  of  the  bearing  sets  coated  by  Naval  Research  Laboratories  (NRL)  using  the  ion  beam 
assisted  deposition  (IBAD)  process  still  had  shiny  balls  after  testing,  thus  indicating  transfer 
of  the  film  from  race  to  balls  had  not  occurred.  Examination  of  the  races  revealed  a  polymer 
deposit  in  the  ball  path  (Fig.  7- la).  Infrared  analysis  of  the  deposit  indicated  it  was  poly- 
tetrafluoroethylene  which  matched  an  analysis  of  the  Salox-M  retainer.  Examination  of  the 
retainers  did  not  reveal  any  pieces  missing;  however  flakes  of  materials  were  found 
suggesting  abrasion  was  occurring  somewhere  on  the  retainer. 

2.  One  set  of  the  Hohman  C  thrust  bearings  (Hohman  C)  performed  poorly  during  tribo¬ 
testing.  Examination  of  the  bearings  showed  at  least  three  balls  in  each  set  of  twelve  were 
shiny  thus  indicating  film  transfer  had  not  occurred.  Moreover,  one  of  the  shiny  balls  could 
be  moved  by  merely  tilting  the  bearing  shaft  assembly.  This  movement  is  clear  evidence  of 
zero  preload  on  those  balls.  Disassembly  of  the  bearings  revealed  ball  wear  paths  that  were 
not  concentric  with  the  race  ball  path  (Fig.  7- lb).  These  eccentric  wear  paths  are  typically 
caused  by  misaligned  parts  or  unspecified  dimensional  changes. 

The  races  of  the  remaining  thrust  bearings  generally  had  an  even  distribution  of  debris 
around  the  circumference  of  the  ball  track  (Fig.  7-2a).  The  ball  paths  were  typically  well 
delineated  by  the  absence  of  grinding  scratches  which  get  worn  off  or  ironed  over  by  ball 
travel  (Fig.  7-2a).  This  ball  track  can  easily  be  seen  in  backscattered  electron  micrographs  in 
which  image  contrast  is  more  sensitive  to  atomic  number  than  topography  (Fig.  7-2b).  In 
this  case  the  M0S2  film  is  much  lighter  in  contrast  than  the  underlying  steel.  The  heaviest 
wear  occurred  in  the  center  third  of  the  ball  track,  where  exposed  iron  carbides  could  be 
observed  (Fig.  7-3).  Heavy  wear  in  the  center  of  the  ball  track  suggests  an  adhesive  wear 
(rather  than  abrasive)  mechanism,  considering  stress  is  highest  in  the  center  of  the  ball  track. 

Salox-M  retainers  exhibited  much  less  wear  than  the  retainers  made  from  Vespel.  The  Vespel 
retainers  typically  had  deep  pockets  ground  into  the  retainer  faces  as  a  result  of  ball  contact. 
This  high  degree  of  wear  was  not  observed  on  the  Salox-M  retainers.  However,  debris 
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This  high  degree  of  wear  was  not  observed  on  the  Salox-M  retainers.  However,  debris 
analysis  indicated  some  abrasion  of  the  Salox-M  retainers  had  occurred.  Elemental  analysis 
of  the  debris  from  the  thrust  bearings  using  Salox-M  ball  separators  revealed  copper,  tin  pd 
fluorine  present.  These  elements  are  the  retainer  composite:  bronze  (copper-tin)  particles  in  a 
polytetrafluoroethylene  (Teflon)  matrix. 

The  thicknesses  of  the  films  on  the  thrust  bearings  were  determined  by  indenting  the  film 
(Rockwell  C)  on  a  flat  adjacent  to  the  ball-path  groove.  "Hiis  indentation  fractures  the  film 
adjacent  to  the  indent.  The  thickness  of  film  can  then  be  directly  measured  by  examination  of 
the  film  cross-section  at  high  tilt  (Table  7-1) 

Table  7-1 


Film 

Film  Thickness  (um) 

Aerospace 

0.8 

Hohman 

2.1 

National  Center  for  Tribology 

0.6 

Naval  Research  Laboratories 

0.7 

Ovonics  -  Nickel 

1.1 

Ovonics  -  Gold 

0.9 

Requested 

1.0 

These  film  thicknesses  were  consistent  for  each  of  the  film  manufacturers.  That  is,  the  film 
thickness  variation  for  an  individual  manufacmrer  or  process  was  typically  within  0.1 
micrometers.  However,  only  Ovonics  exhibited  high  accuracy  considering  a  one  micro-meter 
film  was  requested  from  all  of  the  film  producers. 
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(a)  15X 


(b)  2X 


Fig.  7-1  Deposit  in  the  ball  track  of  the  NRL  bearing  was  retainer 
material  (a).  Eccentric  ball  tracks  on  the  Hohman  C  races 
suggests  misalignment  (b). 
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(b)  sox 


Fig.  7-2  Debris  was  evenly  distributed  along  ball  track  circumference 
(a).  Ball  track  was  well  delineated  in  the  backscattered 
electron  image  (b). 
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Fig.  7-3  Extreme  wear  in  the  ball  track  center  exposes  carbides  from 
the  steel  alloy  races 

7.2  HOHMAN  MoS2/Sb203  DEPOSITION  PROCESS  SUPPORT 

Lockheed’s  Materials  &  Process  Laboratory  supported  the  refinement  of  Hohman’s 
MoS2/Sb203  deposition  process.  Hohman  reported  that  the  current  setting  on  the  plasma 
power  supply  was  the  process  variable  that  affected  the  endurance  of  the  films  the  most. 
Films  produced  with  lower  currents  tended  to  exhibit  greater  endurance  on  the  Hohman  A-6 
tester.  To  understand  the  effect  of  these  current  settings  on  the  film  structure,  witness  plates 
were  exposed  to  depositions  at  three  different  current  settings  and  then  analyzed.  The  films 
were  scribed  and  indented,  then  examined  in  a  scanning  electron  microscope  (SEM)  to 
characterize  the  morphology.  Crystallinity  was  determined  by  X-ray  diffraction. 

The  morphology  of  the  films  changed  significantly  with  current  levels.  The  film  produced 
with  a  low  current  had  a  columnar-plate  morphology  (Fig.  7-4),  whereas  the  higher  current 
films  had  more  of  a  "mounded"  morphology  (Fig.  7-5  and  7-6).  Using  the  structure-zone 
models,  the  low  current  films  had  a  zone  2  morphology  whereas  the  higher  current  films  had 
a  zone  1  morphology. 

An  interesting  feature  of  the  low  current  film  morphology  is  that  the  columnar  plates  appear 
to  be  grouped  or  organized  into  colonies  about  0.2  |j.m  in  diameter.  Note  this  size  range  is 
similar  to  the  size  of  the  mounds  in  the  higher  current  films  (Figs.  7-5  and  7-6).  Moreover, 
the  mounds  in  film  2  appear  to  be  made  up  of  smaller  (0.05  |im)  particles.  This  consistency 
in  macro-morphology  with  changes  in  micro-morphology  suggests  the  diameter  of  the 
mounds  may  be  a  function  of  the  film  nucleation  and  final  thickness  rather  than  the  plasma 
process. 
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(a)  No  Tilt 


(b)  High  Tilt 


Fig.  7-4  Film  deposited  at  low  current  had  a  columnar- plate 
morphology.  20,000X. 
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Film  deposited  at  high  current  had  a  less  distinct  mounded 
morphology.  20,000X. 
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The  fracture  and  delamination  of  the  films  adjacent  scribe  marks  indicates  film  adhesion  also 
varied  with  current  levels  (Fig.  7-7).  More  brittle  film  fracture  and  delamination  occurred 
with  higher  current.  This  may  be  a  result  of  film  thickness  and/or  density.  This  variation  in 
adhesion  also  can  be  observed  in  the  high  tilt  views  of  the  films.  The  high  current  films  tend 
to  fracture  more  often  at  the  film  to  substrate  interface  rather  than  leaving  a  small  amount  of 
residual  material  on  the  substrate  (Figs.  7-4  to  7-6). 

X-ray  diffraction  supported  the  structural  analysis  gained  from  the  SEM  examination.  Only 
the  film  produced  at  low  current  exhibited  significant  crystallinity  -  a  small  (100)  peak  was 
detected  (Fig.  7-8a).  This  result  is  consistent  with  the  existence  of  a  zone  2  columnar  plate 
film  morphology.  Note  the  film  produced  at  a  high  current  exhibited  a  broad  peak  or  “hump” 

between  25  and  35  degrees  (20  scale).  The  hump  is  actually  a  broad  peak  that  is  typical  of  a 
non  crystalline  material  or  amorphous.  Note  also  this  humped  region  is  flat  in  the  lower 
current  films.  The  physical  explanation  for  broad  peaks  in  non  crystalline  materials  is  that  a 
range  of  atom  interatomic  distances  exists,  similar  to  glass. 

The  optimum  structure  for  this  film  may  be  between  amorphous  or  non  crystalline  and  the 
textured  (show  diffraction  peaks)  perhaps  micro-  or  nano-  crystalline  would  be  a  good  term. 
Amorphous  MoS2  films  are  reportedly  poor  lubricants  [7-1].  Also,  a  high  degree  of  texture 
and  associated  porosity  due  to  columnar-plate  growth  is  generally  not  favorable  [7-2]. 
Maybe  this  nanocrystalline  region  between  the  two  extremes  is  best.  IBAD  films  reportedly 
had  10  to  20  nanometer  (nanometer  =  10  angstroms)  sized  "crystallites”  [7-3].  Structure 
this  fine  is  probably  not  detectable  by  X-ray  diffraction  which  requires  about  100  atomic 
layers  ( ~  1(X)  nm  sized  crystallites). 

The  relative  density  of  the  films  increased  linearly  with  increasing  deposition  current. 
However,  the  film  thickness  reached  a  minima  at  medium  density.  Note  these  results  were 
all  with  identical  deposition  times: 


Table  II 


JD. 

^^H¥nf3inTI33SHITTTHHI 

Low 

2.2 

1 

Medium  low 

1.5 

1.9 

Medium 

1.6 

2.5 

Medium  high 

1.4 

3.2 

High 

2.1 

3.6 

Alternating 

3.6 

The  morphology  of  the  films  produced  at  medium  low  current  appears  to  be  more  fibrous 
than  the  film  produced  at  medium  high  current.  Moreover,  the  film  produced  at  the  medium 
low  current  seems  to  be  less  brittle  when  examining  fractures  upon  scribing.  The  film 
densities  produced  at  these  current  levels  are  as  expected  in  the  rankings  shown  in  Table  II. 
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(a)  No  Tilt 


(b)  High  Tilt 


Fig.  7-9  Film  produced  by  alternating  the  deposition  current  had  a 
refined  structure.  20,000X. 
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By  changing  or  alternating  the  plasma  current  power  level  between  medium  high  and  medium 
low  current  for  10  minutes,  a  very  dense  structure  was  produced.  This  thin  film  not  only 
has  the  density  of  last  year's  successful  films  (within  error),  but  also  the  morphological 
refinement.  The  zone  1  "mounded"  structure  was  extremely  fine,  on  the  order  of  0.05  |xm 
(Fig.  7-9a).  This  refined  structure  is  evident  in  the  cross-section.  The  fracture  of  this  film 
is  also  similarly  produced  upon  scribing  and  is  similar  to  the  film  produced  last  year  (Fig.  7- 
9b). 

In  addition,  the  X-ray  spectra  of  the  alternating  current  film  also  looks  like  the  film  produced 
last  year  (Fig.  7-8b).  Neither  the  (110)  "texture"  peak  or  the  "amorphous"  hump  are 
evident.  Perhaps  this  is  a  more  "nanocrystalline"  film  as  compared  to  films  produced  at  a 
single  current.  Unfortunately,  the  existence  of  this  fine  structure  is  difficult  to  prove. 

Additional  analyses  indicate  current  levels  also  affects  the  composition  of  the  films.  The  film 
compositions  were  determined  by  removing  and  weighing  films  deposited  on  glass  slides. 
Chemical  analysis  involved  peroxide  fusion  followed  by  inductively  coupled  plasma  (ICP) 
analysis.  The  results  in  weight  percent  are  as  follows: 

Table  7-3 


- S - 

Med  Low 

36.6 

23.3 

15.6 

Med  High 

26.6 

18.1 

33.8 

Alternating 

26.7 

17.8 

24.3 

Although  these  results  should  be  double  checked  (accuracy  reportedly  is  better  than  a  per¬ 
cent),  the  composition  clearly  changes  with  current  levels.  This  result  is  somewhat 
surprising  considering  the  composition  of  the  film  should  be  similar  to  the  target  (by  most 
theoretical  accounts).  Perhaps  a  higher  deposition  current  is  more  likely  to  “bury”  the 
antimony.  Note  the  sulfur  to  molybdenum  ratio  stays  the  same  for  the  medium  high  and 
medium  low  current  levels.  The  remaining  or  balance  of  the  film  is  oxygen  and  probably 
carbon. 


These  favorable  results  suggest  the  films  might  be  improved  even  more  by  optimizing  the 
period  or  dwell  and/or  the  amplitude  of  the  current  oscillation.  If  morphological  refinement 
is  the  most  important  film  characteristic  governing  endurance,  reducing  the  period  of 
oscillation  may  provide  a  even  more  refined  structure.  However,  reducing  the  period  too 
much  may  make  the  structure  too  amorphous  with  concomitant  poor  endurance.  On  the 
other  hand,  if  composition  is  more  of  a  factor,  amplitude  changes  may  have  an  effect. 


In  addition  to  developing  the  alternating  current  deposition  process,  Hohman  also  “mapped” 
film  thickness  locations  in  the  chamber  as  a  function  of  part  composition  and  configuration. 
The  film  thickness  of  different  components  all  given  the  same  deposition  time  is  presented  in 
Table  7-4. 


Table  7-4 


Comoonent 

Thickness,  am 

Glass  Slide  Witness  Plate 

1.2 

Steel  Witness  Plate  -Flat 

2.5 

Perpendicular 

2.0 

Thrust  Bearing 

1.5 

A-6  Test  Ring 

1.0 
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The  same  (planetary)  fixture  was  used  for  deposition  on  the  witness  plates  and  thrust 
bearing.  The  A-6  test  ring  was  on  a  rotating  spin^e.  Variation  in  the  thermal  conductivity  of 
the  components  appears  to  be  the  most  likely  reasons  for  the  differences  in  thicknesses 
considering  that  the  location  of  the  parts  on  the  fixture  was  similar.  Although  electrical 
conductivity  was  originally  thought  to  be  the  cause  of  the  widely  different  results  between 
glass  and  steel  witness  plates,  metallizing  the  glass  before  deposition  of  the  film  did  not 
change  the  thickness.  These  results  were  used  to  determine  deposition  times  for  the  angular 
contact  bearings. 

7.3  THIN  FILM  CHARACTERIZATION 
7.3.1  Witness  Plates 

One  inch  diameter  plates  made  of  440C  steel  polished  plates  were  placed  in  the  chamber 
along  with  bearing  components  in  order  to  witness  the  deposition  of  the  films  with  the  small 
angular  contact  bearings.  The  films  were  then  characterized  by  x-ray  diffraction  (XRD),  X- 
ray  photoelectron  spectroscopy  (XPS),  and  microhardness. 

X-Rav  Diffraction 

X  ray  diffraction  (XRD)  scans  of  an  uncoated  440C  witness  plate  provided  substrate 
background  peaks  (metal  and  carbides)  for  comparison  with  the  coated  plates  (Fig.  7- 10a). 
The  X-  ray  spectra  of  the  film  produced  by  the  National  Center  for  Tribology  (NCT)  revealed 
only  a  small  (002)  peak  which  is  indicative  of  a  weak  basal-plane  film  orientation  (Fig  7- 
10b).  This  rather  broad,  low-angle  peak  is  more  obvious  when  the  substrate  spectra  is 
subtracted  from  the  film  on  substrate  spectra.  Note  this  film  texture  is  much  different  than 
the  films  produced  by  NCT  in  the  past.  The  film  produced  by  NCT  used  on  the  thrust 
bearings  had  an  edge-plane  texture. 

Films  produced  by  Ovonics  were  also  characterized  by  XRD.  Both  edge-plane  and  basal- 
plane  orientations  were  detected  (Fig.  7- 11a).  However,  no  multifilm  peaks  that  are  typical 
of  a  layered  synthetic  microstructure  were  detected.  Moreover,  the  film  textures  appeared  to 
change  with  the  separate  deposition  runs  as  evidenced  by  the  variation  in  peak  heights.  The 
variation  in  the  basal-plane  or  ((X)2)  peak  was  especially  obvious.  This  change  in  texture 
probably  results  from  the  variation  of  the  witness  plate  location  and  exposure  to  tiie  atom  flux 
in  the  deposition  chamber.  Ovonics  reported  that  the  witness  plates  were  not  fixtured  for  the 
multilayer  films  as  were  the  bearings;  witness  plates  were  placed  in  convenient  locations. 

Hohman  films  deposited  on  the  4400  substrates  exhibited  extremely  weak  and  variable  edge- 
plane  and  even  weaker  basal-plane  texture  (Fig.  7-1  lb).  For  one  deposition  run,  the  edge- 
plane  peak  (100)  was  not  even  detectable.  Due  to  the  broadness  of  the  basal-plane  peak, 
possible  variations  in  the  size  were  difficult  to  observe. 

X-Rav  Photoelectron  Spectroscopy  (XPS) 

Elemental  compositions  of  the  films  determined  by  XPS  after  a  2  minute  ion  etch  are  as 
follows  (compositions  in  atom  %) : 

TABLE  7-5 


Film 

I^K!n!STQjTif3nTTTTIB 

■inirnii 

Hohman 

27 

25 

26 

13 

10 

NCT 

33 

38 

8 

21 

Ovonics 

40 

45 

12 

4 

- 
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40.00 


58.00 


76 . 00 


94  .00 


2  THETA 


X=  4.95  Y=  1.7* 


(a) 


2  THETA  X=  9.96  Y=  .7,^ 


(b) 

the  X-ray  diffraction  spectra  of  the  bare  440C 
dth  the  NCT  film  (b)  reveals  a  weak  (002) 
ture. 
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(a) 


(b) 


Fig.  7-11  X-ray  diffraction  of  films  deposited  by  Ovonics  revealed 
variable  and  non  oriented  crystallographic  textures  (a). 
Hohman  films  had  weak  basal  plane  texture  (b). 
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Elemental  compositions  of  the  films  indicated  that  all  three  films  had  sulfur  to  molybdenum 
atom  ratios  that  were  much  less  than  two,  which  is  typical  of  sputtered  M0S2  films. 
Moreover,  the  three  films  contained  substantial  amounts  of  carbon  and  oxygen,  up  to  20%  in 
some  cases.  Relatively  high  amounts  of  carbon  and  oxygen  contaminants  are  also  typically 
found  in  sputtered  M0S2  films. 

The  type  of  vacuum  systems  used  to  pump-down  the  deposition  chamber  affects  the  carbon 
and  oxygen  present.  Ovonics  uses  a  cyropump  which  pumps  water  vapor  efficiently  and  the 
resulting  films  have  relatively  low  oxygen  contents.  The  low  carbon  content  in  the  NCT 
films  is  due  to  turbomolecular  pumped  vacuum  system  which  has  a  high  rate  of  hydrocarbon 
removal,  but  poor  water  vapor  pumping  capability.  Finally,  Hohman  uses  a  diffusion 
vacuum  pumped  system  which  is  well  known  for  introducing  high  hydrocarbon 
contamination. 


Morohology/Hardness 

Microhardness  measurements  were  taken  on  the  witness  samples  with  an  Anton  Paar 
ultramicrohardness  tester  model  MHT-4  mounted  on  a  SEM  stage  [7-4] .  Vickers  diamond 
indenter  (136^  pyramid  with  a  0.3  mm  radius  tip)  impressions  were  made  using  loads  0.25 
grams  force  (250  x  10'^  N).  Thicknesses  of  the  films  were  obtained  by  indenting  or  scribing 
the  films  and  examining  the  edge  at  high  tilt.  The  thickness  of  the  films  on  the  witness  plates 
was  not  representative  of  the  film  thickness  on  the  actual  bearings  (discussed  in  next 
section).  Considering  intact  film  could  be  found  on  the  bearing  race  shoulders,  film 
thickness  and  morphology  were  assessed  on  the  bearing  components.  Hardness  results 
along  with  film  thickness  and  indenter  penetration  depths  are  as  follows: 


Table  7-6 


Film 

Vickers  Hardness 

1  hickness  (qm) 

Penetration  (%) 

Hohman 

160 

1.1 

33 

NCT 

143 

0.8 

43 

Ovonics 

570 

2.2 

8 

Ideally,  the  penetration  of  the  indenter  into  the  film  should  be  less  than  10%.  Considering 
the  substrate  has  a  Vickers  hardness  of  about  700  VHN,  penetrations  greater  than  10%  may 
produce  hardness  numbers  greater  than  the  actual  film  hardness.  Therefore,  the  Hohman  and 
NCT  film  hardnesses  may  be  even  less  than  the  low  values  reported  in  Table  7-6.  The 
hardness  in  these  films  probably  reflect  low  density. 


7.3.2  Mechanical  Tests  of  Thin  Filuris  on  Races 

Considering  that  a  large  portion  of  the  film  deposited  on  actual  bearings  does  not  interact 
with  the  rolling  elements  and  does  contribute  to  bearing  lubrication,  destructive  tests  of  this 
unused  film  provides  a  method  of  film  quality  assessment.  The  most  useful  location  of  intact 
film  is  on  the  inner  and  outer  race  shoulders.  If  the  indentation  diameters  are  relatively  small 
(as  with  Rockwell  hardness  indentations),  the  bearing  curvature  in  these  regions  has  little 
effect  on  the  fracture  properties.  In  other  words,  these  shoulder  regions  are  relatively  flat. 
In  addition  to  fracture  properties,  tilting  the  part  to  high  tilts  provides  an  accurate  way  to 
measure  the  thickness  of  the  coating. 
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Film  Thickness  ,  •  u  .i. 

The  film  thickness  was  measured  on  angular  contact  beanngs  by  indenting  the  tilm  with  a 
Rockwell  C  hardness  tester  and  examining  the  film  edge  in  a  scanning  electron  microscope 
(Figs  7-12).  Measurements  were  taken  on  the  inner  race  shoulder  adjacent  the  ball  track  and 
of  both  outer  race  shoulders.  Results  (in  micrometers)  are  as  follows: 


Table  7-7 


Film 

Hohman 

Outer 
Inner  Race 

Race  Film 
Side  1 

Thickness, iim 
Side  2 

Witness  Plate 

1.8 

0.9 

0.2 

1.1 

NCT 

0.4 

0.3 

0.4 

0.8 

Ovonics 

0.9 

0.9 

1.0 

2.2 

These  thickness  measurements  were  very  consistent  for  each  of  the  film  types  for  a  number 
of  bearings.  The  accuracy  of  the  measurements  was  about  0.1  |xm.  Comparison  of  these 
thicknesses  on  the  bearing  races  is  quite  different  than  thicknesses  on  the  witness  plates 
(reported  earlier  and  added  to  the  above  table).  This  result  is  consistent  with  the  results 
reported  in  section  7.2  on  optimizing  the  Hohman  deposition  process.  Clearly,  for  all 
deposition  processes,  the  witness  plate  does  not  provide  an  accurate  thickness  measurement 
of  the  coating  on  the  actual  bearing  parts. 
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Indentation  Tests 

In  order  to  predict  the  performance  of  a  film  in  a  precision  bearing,  indentation  testing  was 
performed  on  the  recently  tested  bearings.  The  extent  of  lateral  film  cracking  at  the  periphery 
of  an  indent  reportedly  can  provide  an  indication  of  film  adhesion  or  interface  fracture 
toughness  [7-5]. 

Three  indents  were  made  on  the  inner  race  shoulders  using  a  Rockwell  "C"  indenter  at  60, 
100  and  160  kilogram  loads.  The  extent  of  film  fracture  associated  with  the  indents  was 
determined  by  examining  the  indent  in  a  scanning  electron  microscope  in  the  backscattered 
electron  (compositional)  imaging  mode.  Regions  of  film  delamination  were  easily  delineated 
in  the  Ovonics  (Fig.  7-13)  and  Hohman  (Fig.  7-14)  films.  The  NCT  film,  however,  did  not 
show  delamination  (Fig.  7-15).  The  lack  of  continuous  cracking  in  the  NCT  film  is  likely  to 
be  associated  with  the  thickness.  Very  thin  M0S2  films  of  less  than  0.5  micrometers  thick 
reportedly  exhibit  multiple  buckling  rather  than  the  continuous  radial  cracking.  The  buckling 
is  difficult  to  discern  in  Ae  compositional  image  mode. 


Fig.  7-13  Compositional  image  of  the  film  delamination  associated  with 
Rockwell  "C"  indent  in  the  Ovonics  coating. 


200PM 


21KU  41 


200PM 


21KU 


Compositional  image  of  the  film  delamination  associated 
with  an  Rockwell  "C"  indent  in  the  Hohman  coating. 


Fig.  7-15  Compositional  image  of  an  indent  in  the  NCT  coating  did 
not  show  film  delamination  although  microbuckling  is 
evident. 
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The  amount  of  radial  cracking  associated  with  the  indents  in  the  Hohman  and  Ovonics  films 
was  quantified  by  measuring  the  radial  crack  length  at  six  positions  around  each  indent. 
These  results  were  averaged  for  each  load  and  inner  race,  then  plotted  (Figs.  7-16  and  7-17). 
The  type  of  retainer  and  inner  race  ball  track  widths  are  also  shown  for  a  given  inner  race  on 
the  graphs  along  with  the  corresponding  film  interface  fracture  toughness  (described  in  next 
section).  Note  that  the  two  retainers,  either  Salox  or  Duroid,  were  from  the  same  bearing 
post.  On  the  average,  the  Hohman  films  exhibited  greater  interfacial  toughness  than  the 
Ovonics  films  even  though  they  were  much  thicker:  Hohman  films  were  1.8  |im  thick, 
whereas  the  Ovonics  films  were  1.0  |J.m  thick. 

While  the  film  fracture  toughness  exhibited  by  the  Ovonics  films  were  reasonably  consistent, 
the  film  on  one  of  the  Hohman-coated  inner  races  exhibited  much  poorer  film  toughness  than 
the  other  three.  The  ball  track  width  of  this  bearing  (0.051  in.-  after  testing)  was  also  much 
wider  than  the  track  width  on  the  mating  bearing  (0.045  in.)  on  the  test  post.  In  this  case, 
the  results  of  the  film  fracture  toughness  test  correlates  well  with  track  width,  and  hence, 
appears  to  be  a  relative  predictor  of  film  loss.  Note  that  the  ball  track  widths  would  be 
expected  to  be  similar  for  given  retainers  if  the  films  were  identical  in  quality. 

These  film  fracture  toughness  results  suggests  the  Hohman  deposition  process  exhibited 
variability  in  the  films  and  the  indentation  test  could  be  implemented  in  film  quality  control. 
Considering  the  indentation  is  performed  on  the  race  shoulder  and  does  not  affect  the 
bearing,  it  is  nondestmctive  and  could  be  performed  on  precision  flight  bearings. 
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Delamination  Length  (micrometers) 


Fig.  7-16  Interface  fracture  toughness  of  Ovonics  film  on  inner  races. 


Fig.  7-17  Interface  fracture  toughness  of  Hohman  film  on  inner  races. 
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7.4  EXAMINATION  OF  TESTED  ANGULAR  CONTACT  BEARINGS 

The  tested  small  angular  contact  bearings  were  disassembled  and  the  components  examined 
visually  and  by  scanning  electron  microscopy.  Backscattered  electron  imaging  combined 
with  x-ray  elemental  microanalysis  revealed  compositional  variations  in  the  b^  1  tracks  on  the 
races  which  were  defined  by  the  width  of  the  ball  track  on  the  races.  The  inner  race  ball  track 
width  and  bearing  identification  and  test  results  are  reported  in  Table  7-8. 

Table  7-8 


Test 

Thin 

Retainer 

Ball 

Preload 

Cycles 

Ball  Track 

Post 

Film 

Material 

Material 

(lbs) 

(millions) 

Width  (in) 

Short  Lived  Bearings 

2.4 

Ovonics 

Duroid 

Si3N4 

32 

1.0* 

0.048/0.048 

2.3 

NCT 

Duroid 

Si3N4 

28 

17.7 

0.072  /  0.057 

3.4 

Hohman 

Duroid 

Si3N4 

29 

12.5 

0.051/0.061 

2.6 

Ovonics 

Duroid 

M0S2 

31 

17.7 

0.047  /  0.048 

2.5 

NCT 

Duroid 

M0S2 

26 

0.1* 

0.051/0.052 

3.5 

Hohman 

Duroid 

M0S2 

36 

12.5 

0.049  /  0.050 

2.12 

Ovonics 

Vespel 

M0S2 

30 

0.5* 

0.054  /  0.049 

2.11 

NCT 

Vespel 

M0S2 

28 

0.4* 

0.052  /  0.050 

3.9 

Hohman 

Vespel 

M0S2 

41 

0.5* 

0.043  /  0.048 

2.8 

Ovonics 

Vespel 

52100 

38 

17.7 

0.067  /  0.073 

2.7 

NCT 

Veq)el 

52100 

22 

17.7 

0.064  /  0.062 

3.6 

Hohman 

Ve^l 

52100 

39 

12.5 

0.076  /  0.061 

3.11 

Ovonics 

MoS2on 

1  Tr.  r.n  r.1 

52100 

34 

12.5 

0.073  /  0.059 

Vespel 

Long  Lived  Bearings 

2.2 

Ovonics 

Duroid 

52100 

31 

18 

0.049  /  0.048 

4.2 

Ovonics 

Duroid 

52100 

41 

44 

0.051/0.051 

2.1 

NCT 

Duroid 

52100 

19 

18 

0.022  /  0.033 

4.1 

NCT 

Duroid 

52100 

27 

43 

0.036  /  0.043 

3.3 

Hohman 

Duroid 

52100 

34 

29 

0.043/0.051 

4.4 

Hohman 

Duroid 

52100 

41 

43 

0.050  /  0.052 

4.9 

Ovonics 

Salox 

52100 

32 

48 

0.046  /  0.048 

4.6 

Ovonics 

Salox 

52100 

31 

46 

0.046  /  0.049 

4.11 

Ovonics 

Salox 

52100 

41 

45 

0.049  /  0.052 

4.10 

Ovonics 

Salox 

52100 

52 

46 

0.058  /  0.071 

4.8 

NCT 

Salox 

52100 

25 

48 

0.033  /  0.033 

4.5 

Hohman 

Salox 

52100 

37 

44 

0.045  /  0.051 

4.7 

No  Film 

Salox 

52100 

32 

46 

0.053/0.064 

Fracture  Resistant  Film  Bearings 

4.3a 

Ovonics 

Salox 

52100 

33 

40 

0.047  /  0.057 

4.12 

Ovonics 

Salox 

52100 

33 

40 

0.045  /  0.048 

*  Indicates  hard  failure  (bearings  jammed  drive  motor) 


The  identification  of  the  bearing  test  post,  and  explanation  of  total  test  cycles  and  initial 
bearing  preload  can  be  found  in  section  5.  The  balls  were  either  as-received  with  the  bearings 
(52100),  Si3N4  or  52100  with  a  M0S2  thin  film.  The  short  and  long  lived  bearing  test 
results  are  discussed  in  the  following  subsections.  The  description  and  results  of  the  fracture 
resistant  films  are  discussed  in  Section  7.7. 

7.4.1  Short-Lived  Bearings 

Bearings  that  incorporated  either  MoS2-coated  or  Si3N4  balls  and/or  polyimide  retainers 
typically  resulted  in  early  high  torque  failure. 

M0S2  Coated  Balls 

Examination  of  failed  bearings  that  had  MoS2-coated  balls  typically  had  a  thick,  compacted 
debris  in  the  track  of  both  the  inner  and  outer  races  (Fig.  7-18).  The  coating  appears  to  have 
come  off  the  balls  early  in  the  test.  The  added  material  in  the  ball  track  increased  the  race 
deposit  thickness  which  in  turn  increased  the  bearing  preload  and  resulting  torques.  An 
inspection  of  the  unused,  as-coated  balls  by  the  three  different  manufacturers  showed 
spalling,  bare  regions  and  infused  particles  (of  spalled  film)  on  the  balls 


Intact  Film 


i 


Inner  Race 
Ball  Track 


Intact  Film 


Topographical  Compositional 

Fig.  7-18  Thick,  compacted  debris  was  found  on  the  inner  race  ball 
track  of  bearings  with  M0S2  coated  balls. 
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The  film  deposited  by  Ovonics  had  regions  on  the  ball  where  100  micrometer  diameter 
portions  of  the  coating  had  flaked  off  (Fig.  7-19).  On  one  of  the  balls,  these  regions  of 
spalling  appeared  to  encompass  half  the  ball  surface  area.  Microanalysis  indicated  no 
molybdenum  or  sulfur  present  in  the  dark  regions  in  the  backscattered  (compositional) 
electron  image. 

The  coating  on  the  balls  deposited  by  Hohman  had  incorporated  macroparticles  of  M0S2  film 
in  addition  to  flaked  areas.  Both  macroparticles  and  spalled  regions  were  typically  on  the 
order  of  ten  micrometers  in  size  (Fig.  7-20a).  The  mottled  appearance  of  the  film  in  the 
backscattered  electron  image  indicated  the  coating  varied  considerably  in  thickness.  In 
addition  to  the  dark  contrasting  areas  which  revealed  a  spalled  coating,  the  very  light  areas 
suggests  a  much  thicker  coating.  When  this  film  was  viewed  at  high  angle,  flattened  particles 
of  coating  (macroparticles)  could  be  found  (Fig.  7-20b). 

The  film  deposited  by  NCT  also  contained  macroparticles  and  spalled  areas.  As  with  the 
Hohman  film,  the  macroparticles  on  the  NCT  film  were  best  observed  at  a  high  tilt  angle 
(Fig.  7-21b).  The  backscattered  electron  image  showed  regions  typically  5  ^im  in  diameter 
that  were  spalled  (Fig.  7-21a). 


Fig.  7-19  Backscattered  (compositional)  image  of  as-coated  Ovonics 
ball  shows  spalling. 
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Fig.  7-20  Backscattered  (a)  and  high  tilt  images  of  as-coated  Hohman 
ball  shows  macroparticles. 


i 


Fig.  7-21  Backscattered  (a)  and  high  tilt  images  of  as-coated  NCT  ball 
shows  macroparticles. 
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Depositing  a  uniform  M0S2  film  on  a  ball  is  apparently  much  more  difficult  than  on  the  races. 
Balls  have  to  be  rotated  in  some  manner  to  ensure  the  sphere  surface  is  exposed  to  the 
deposition  target  (to  some  degree).  During  this  rotation,  contact  with  a  fixture  or  other  balls 
dislodges  film  particles  off  both  the  balls  and  the  fixtures.  On  the  ball,  this  region  becomes  a 
spall.  The  particles  generated  can  also  become  incorporated  in  the  coating.  Since  film  on  the 
races  is  not  physically  in  contact  with  any  fixture,  spalling  and  macroparticle  incorporation  is 
much  less  likely  to  occur.  Compared  to  races,  coating  b^ls  is  an  inherently  dirty  process. 

The  film  deposition  method  employed  to  coat  the  ball  surface  influenced  the  type  of  film 
produced  (and  defects).  The  three  film  producers  each  used  a  different  process  to  coat  the 
balls. 

Ovonics  coated  the  balls  while  rotating  them  between  thrust  washers.  The  large  areas  of 
spalling  suggest  adhesion  was  poor,  perhaps  the  result  of  contamination  from  the  fixture. 
However,  note  the  film  was  buckling  prior  to  spalling.  This  film  deformation  suggests 
sliding  stresses  from  thrust  race  contact  overcame  the  interface  shear  strength. 

Hohman  stirred  the  balls  in  a  dish  with  a  paddle  during  deposition.  The  balls  contacted  each 
other  and  the  container  constantly,  thus  generating  particles  from  spalls  that  become  part  of 
the  film. 

Although  NCT  suspended  the  balls  over  the  target  on  a  coarse  net  screen  (thereby 
minimizing  macroparticle  incorporation  into  the  film),  screen  contact  apparently  removed 
small  flakes  of  the  film.  Macroparticle  incorporation  into  the  film  also  occurred,  albeit  to  a 
lessor  degree  than  the  Hohman  film. 

SHNd  Balls 

Although  the  reason  why  bearings  with  Si3N4  balls  exhibited  high  torque  is  not  entirely 
clear,  subsequent  examination  of  the  inner  races  showed  that  ball  tracks  were  up  to  20% 
wider  than  bearings  with  steel  balls.  This  extreme  wear  by  Si3N4  balls  suggests  a 
combination  of  high  stress  (due  to  the  higher  modulus  than  steel),  higher  hardness  (the  tested 
balls  did  not  show  wear  when  examined  by  SEM ),  and  lack  of  adequate  transfer  of  retainer 
material  to  the  balls  (poor  adhesion)  accounted  for  Ae  poor  performance. 

Silicon  nitride  bearing  balls  appear  to  have  a  much  higher  quality  surface  finish  as  compared 
to  the  original  52100  steel  balls  (Fig.  7-22).  The  polishing  scratches  are  much  less 
pronounced  in  the  silicon  nitride  balls,  dthough  small,  micrometer  sized  pits  are  common. 
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Fig.  7-22  Highly  tilted  SEM  image  shows  the  surface  finish  of  a  new 
Si3N4  ball  (a)  was  much  better  than  the  finish  of  the  average 
52100  steel  ball  (b). 
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Examination  of  the  worn  Si3N4  balls  and  the  debris  generated  in  the  bearing  indicate  that  the 
races  and  the  retainer  are  exhibiting  most  of  the  wear.  Polishing  scratches  could  still  be 
found  on  the  worn  silicon  nitride  balls,  along  with  small  amounts  of  debris. 

Excessive  debris  generated  by  use  of  Si3N4  bearing  balls  appears  to  be  the  associated  with 
the  failure  of  the  bearings.  The  debris  is  a  mixture  of  the  M0S2  coating,  steel  races  and 
retainer  material.  As  detailed  previously,  this  debris  deposited  in  the  race  ball  track  results  in 
increased  preload  and  high  torque. 

Higher  bearing  stress  that  results  from  use  of  silicon  nitride  balls  may  have  conMbuted  to  the 
poor  bearing  performance  exhibited  by  these  hybrid  bearings.  The  higher  elastic  modulus  of 
Si3N4  (46  Msi  as  opposed  to  steel,  28  Msi)  increases  the  contact  stress  between  the  silicon 
ball  and  steel  race  by  about  18  percent.  However,  steel  balls  tested  at  stress  levels  greater 
than  this  18  percent  did  not  exhibit  the  wide  wear  tracks  (as  had  the  Si3N4  bearings). 

Wear  between  the  balls  and  retainer  contributes  to  the  debris  and  this  wear  process  could  also 
be  excessive.  Although  the  loads  between  the  retainer  and  ball  are  much  less  than  the  ball  and 
race,  abrasive  wear  of  the  retainer  may  be  more  a  function  of  hardness.  The  hardness  of 
silicon  nitride  (Rc  80)  is  much  higher  than  steel  (Rc  60)  and  this  higher  hardness  may  cause 
greater  abrasion  of  the  retainer,  especially  if  little  M0S2  transfer  film  is  adhering  to  the  ball  for 
lubrication.  Note  excessive  wear  was  observed  in  the  ball  pockets  of  Duroid  retainers  when 
used  with  Si3N4  balls. 

Polvimide  Retainers  ,  .  ^  „ 

Retainer  and  race  wear  was  excessive  with  a  polyimide  (V espel)  retainer.  The  balls  ground  a 
large  wear  scar  into  the  retainer  generating  considerable  abrasive  debris  (Fig.  7-23a  ^d  7- 
23b).  All  of  the  bearings  that  used  Vespel  retainers  generated  copious  amounts  of  debris  as  a 
result  of  abrasion  of  the  retainer.  This  debris  not  only  coated  Ae  inner  race  shoulder,  but 
also  deposited  a  pile  in  a  ring  geometry  below  the  bearing  test  post.  This  debris  was 
marginally  lubricating,  and  created  a  Aick  compacted  deposit  in  Ae  ball  track  Aat  caused 
debris  preload  failure.  Moreover,  ball  tracks  were  approximately  40%  wider  than  bearings 
wiA  Salox  retainers.  A  bearing  mcorporating  a  polyimide  retainer  sputtered  with  an  M0S2 
film  was  tested  in  an  attempt  to  minimize  Ae  excessive  retainer  wear.  AlAough  mitial  bearing 
torques  were  very  low,  a  Aamatic  rise  in  bearing  torque  signaled  retainer  film  failure. 
Subsequent  examination  of  Ae  bearing  revealed  excessive  wear  of  bo  A  Ae  retainer  and 
races.  . 
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Vespel  Retainer  Salox  Retainer 

Fig.  7-23(a)  Bail  pocket  wear  (arrows)  of  the  Vespel  retainer  was  much 
greater  than  the  Salox  retainer  ball  pocket. 


Fig.  7-23(b)  Inner  race  from  bearing  with  Vespel  retainer  had  large 
amounts  of  retainer  debris  on  the  barrel. 
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7.4.2  Long-lived  Bearings 

Bearings  that  contained  either  Duroid  or  Salox  retainers  and  uncoated  balls  exhibited  only 
limited  wear  of  retainers  and  races,  irrespective  of  the  film  type.  The  inner  race  ball  tracks 
typically  had  a  residual  film  of  M0S2  that  formed  a  band  in  the  track  center  (Fig.  7-24). 
Retainer  transfer  film  was  also  found  in  the  ball  track  but  was  much  more  discontinuous. 
The  thickness  of  this  transfer  film  was  variable,  but  typically  ranged  up  to  1  |a.m  thick.  The 
edges  of  the  ball  track  were  well  defined  by  the  absences  of  M0S2  film.  The  film  appeared 
distinctly  fractured  at  this  boundary.  Lack  of  film  fracture  resistance  contributes  to  film 
delamination  which  was  observed  along  the  outboard  edges  of  the  track.  Similar  film  loss 
results  were  reported  by  Hilton  et  al.  [7-6]. 

The  tracks  widths  of  the  long-lived  bearings  as  corrected  by  Hertzian  stress  on  the  inner  race 
show  reasonable  correlation  with  initial  preload  and  changes  in  preload  (Fig.  7-25). 
Although  preload  loss  is  typically  thought  to  be  a  direct  indication  of  wear  of  M0S2  film,  a 
number  of  other  factors  affect  this  relationship.  Theoretically,  a  preload  loss  on  the  order  of 
12  lbs  would  be  expected  if  a  nominal  1  |am  film  on  inner  and  outer  races  were  worn 
through  without  any  wear  of  the  metal  races  themselves.  The  fact  that  the  preload  loss  was 
less  than  12  lbs  is  indicative  of  transfer  film  and  debris  buildup  from  the  ball  retainers  which 
is  consistent  with  the  observed  deposits. 

Examination  of  the  long-lived  bearings  clearly  indicates  that  a  transfer  film  of  predominately 
Duroid  (along  with  bronze  in  the  case  of  Salox)  is  depositing  on  the  balls  and  races  while 
some  metal  wear  is  occurring.  It  is  not  clear  whether  this  occurs  intermittently  or 
simultaneously.  The  imbalance  in  this  process  could  account  for  occasional  periods  of 
torque  increase  observed  during  life  where  the  retainer  temporarily  over-transfers  a  thicker 
deposit  which  subsequently  worn  down  due  to  the  attendant  increase  in  preload. 
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Fig.  7-24  Backscattered  (compositional)  electron  image  of  the  inner 
race  ball  track  of  long-lived  bearings  with  Ovonics  (a)  and 
Hohman  (b)  films.  Light  region  in  track  center  is  residual 
M0S2  film  in  track  center.  Dark  patches  are  retainer  transfer 
film.  SOX  Magnification. 
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Fig.  7-25  Correlation  of  changes  in  inner  race  track  widths  of 
the  long-lived  bearings  to  initial  preload  (a)  and 
changes  in  preload  over  bearing  life  (b) 
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7.5  OVONICS  PROCESS  SUPPORT 


Fracture  of  Ni/MoS?  Multilayer  Film  Deposited  on  Large  Bearin2S 

Multilayer  Ni/MoS2  films  that  provided  long  lives  on  the  105-sized  screening  bearings 
fractured  during  prefunctional  testing  of  the  large  bearings.  When  fitting  the  12-inch 
bearings  with  different  sized  ball  sets  in  the  process  of  adjusting  the  bearing  preload,  debris 
was  found  in  the  bearing.  The  debris  was  identified  as  MoS2.  Moreover,  torque  plots 
before  and  after  debris  was  noticed  showed  a  definite  increase  in  torque  and  torque  ripple 
(Section  6.5). 

One  of  the  5-inch  (117-sized)  bearings  deposited  with  multilayer  Ni/MoS2  film  aho 
exhibited  failure  during  prefuntional  testing.  Disassembly  and  examination  of  this  bearing 
revealed  debris  consisting  of  rather  large  (millimeter- sized)  pieces  of  film  in  the  retainer  ball 
pocket  (Fig.  7-26).  This  debris  was  identified  as  M0S2  by  EDS. 

One  117  bearing  set  did,  however,  acquire  about  2  million  cycles  prior  to  failure. 
Examination  of  the  inner  race  by  scanning  electron  microscopy  revealed  a  wear  morphology 
similar  to  that  found  in  the  smaller  105-size  bearings.  The  wear  track  was  well  defined  by 
backscattered  electron  (compositional)  imaging  (Fig.  7-27 a).  The  edge  of  the  intact  film 
clearly  delineates  the  edge  of  the  wear  track  (Fig.  7-27b).  Microanalysis  showed  little 
evidence  of  the  M0S2  film  components  in  this  region  adjacent  the  intact  film.  The  amount  of 
intact  film  generally  increased  towards  the  center  of  the  wear  track.  A  circumferential  deposit 
that  was  centered  in  the  track  contained  detectable  amount  of  copper  and  fluorine.  This  result 
suggests  the  source  of  the  deposit  is  primarily  the  retainer  which  is  a  mixture  of  PTFE  and 
bronze.  The  center  deposit  appeared  to  vary  in  thickness,  judging  from  the  contrast 
variation  (translucent  appearance)  in  the  compositional  images.  The  thickness  of  the  center 
deposit  was  estimated  by  examining  peeled  or  partially  delaminated  pieces  of  the  deposit  at 
high  sample  tilt  (along  the  edge  of  the  inner  race  -  Fig.  7.28).  The  maximum  thickness  of  the 
deposit  appeared  to  be  about  3  |im. 


Fig.  7-26  Thin  film  debris  in  the  retainer  ball  pocket  of  the  Ni/MoS2 
multilayer  film  bearing  indicated  film  failed  during 
prefunctional  testing. 


- 179- 


21KU  41  5€5  0 


20KU 


100PM 


Intact  Film 


Inner  Race 
Ball  Track 


Intact  Film 


Topography 


Composition 


Intact  Film 


Inner  Race 
Ball  Track 
Edge 


Topography  (b)  Composition  250X 

Fig.  7-27  Ball  track  on  117-sized  bearing  inner  race  (a).  Dark  band  in  ball 
track  center  is  a  retainer  transfer  film.  Loss  of  Ni/MoS2 
multilayer  film  at  upper  track  edge  is  clearly  illustrated  (b). 
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Fig.  7-28.  Close-up  of  the  retainer  transfer  film  in  ball  track  center  (a  - 
see  Fig.  7.27a).  High  angle  view  of  edge  indicates  film  was 
a  few  jim  thick  (b). 
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In  order  to  determine  if  Ni/MoS2  multilayer  film  fracture  was  occurring  on  the  smaller 
bearings,  105-sized  bearings  with  less  than  90,000  cycles  were  disassembled  and  examined. 
The  film  had  delaminated  at  the  ball  track  edges  a  similar  to  the  that  observed  on  the  large 
bearings  (Fig.  7-29).  Moreover,  flakes  of  the  film  were  found  in  the  ball  pockets  of  the 
bearing  retainers  as  was  observed  on  the  1 17-sized  bearings. 


Fig.  7-29  Well-delineated  ball  track  on  the  inner  race  of  a  Ni/MoS2 
multilayer  thin  film  bearing  (a)  reveals  film  was  lost. 
Fractured  upper  edge  of  track  is  shown  in  (b). 


Although  a  portion  of  the  M0S2  film  appears  to  have  delaminated  from  the  bearing  race  ball 
track,  bearing  failure  (as  measured  by  torque  level  or  ripple)  was  not  evident,  although  the 
smaller  bearings  may  not  be  as  sensitive  to  this  film  loss  as  the  larger  bearings.  Lubrication 
occurs  from  the  resulting  residual  (burnished)  M0S2  film.  In  addition,  the  retainer 
contributes  to  bearing  lubrication  due  to  a  double  transfer  process  from  the  retainer  to  ball, 
then  ball  to  race  as  was  observed  in  the  other  bearings  with  Salox  retainers. 
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7.5.1  Development  of  Fracture  Resistant  Multilayer  Film 

As  a  result  of  the  observation  that  the  nickel  multilayer  films  had  fractured  early  in  the 
bearing  life,  a  combined  effort  with  Ovonics  Synthetic  Materials  was  undertaken  to  develop 
a  more  fracture  resistant  film.  Gold-Paladium,  instead  of  nickel,  was  used  as  the  interlayer, 
and  the  thickness  of  the  interlayer  was  increased.  In  addition,  the  thickness  of  the  entire  film 
was  decreased.  The  effect  of  these  changes  was  assessed  by  a  rolling  contact  test  devised  to 
directly  test  the  capability  of  the  film  to  resist  fracture. 

The  thin  films  were  deposited  on  440C  substrates  that  were  finished  by  three  different 
methods:  grinding,  lapping,  and  polishing.  The  ground  surface  had  a  4.6  microinch  (|iin) 
rms  finish,  28  |xin  pe^  to  peak  -  similar  to  the  finish  on  a  high  quality  bearing  race.  The 
lapped  surfaces  had  2.0  |J,in  rms  finish,  4  p,in  peak  to  peak,  comparable  to  special  bearings 
finished  by  honing.  The  polished  surface  was  obtained  using  standard  metallographic 
techniques. 

The  films  were  prepared  by  radio  frequency  magnetron  sputtering  from  individual  targets  onto 
substrates  attached  to  a  rotating  carousel.  The  substrates  were  periodically  rotated  in  front  of 
one  target  or  another.  The  thickness  of  the  Au-Pd  interlayers  and  M0S2  layers  was  controlled 
by  deposition  rate,  carousel  bias,  and  carousel  rotation  rate.  The  entire  film  thickness  was 
delink  by  the  total  number  of  carousel  revolutions. 

Three  different  thicknesses  of  the  Au-Pd  interlayers  were  deposited  on  the  substrates  while 
the  M0S2  layers  were  held  constant  at  10  nanometers  (nm).  The  three  Au-Pd  interlayer 
thicknesses  were  1.5,  3.0,  and  4.5  nm  thick.  The  thicknesses  of  the  films  deposited  on  the 
lapped  and  ground  surfaces  were  0.1, 0.3,  and  1.0  |im.  The  polished  substrates  received  a 
1.0  |J.m  thick  film  for  microhardness  testing  and  X-ray  diffraction. 

Film  Characterization 

Extensive  microstructural  characterization  of  MoS2/Au-Pd  multilayer  films  similar  to  those 
developed  here  has  been  reported  previously  [7-7].  Considering  the  films  in  this  study  vary 
only  in  the  interlayer  metal  thickness,  detail^  characterization  was  deemed  unnecessary. 
However,  X-ray  diffraction  was  undertaken  to  verify  multilayer  spacing  and  texture.  Actual 
multilayer  spacings  were  slightly  different  than  the  theoretic^  attempts.  Although  the  Au-Pd 
interlayers  were  accurate,  the  M0S2  layers  were  slightly  thicker  (11  nm  instead  of  10  nm). 
Compositions  were  approximated  by  analyzing  the  pattern  of  intensity  levels  of  the  higher 
order  reflections  from  the  multilayer  structure  [7-8].  Results  showed  a  weak  (002)  basal 
plane  crystallographic  texture  as  was  reported  previously  for  these  multilayer  films. 

The  relative  hardnesses  of  films  were  measured  using  an  Anton  Paar  ultramicrohardness  tester 
model  MHT-4,  mounted  on  a  SEM  stage.  Vickers  diamond  indenter  (136®  pyramid  with  a 
0.3  mm  radius  tip)  impressions  were  made  using  loads  ranging  from  0.25  to  2  milligrams 
force  (250  to  2000  x  10*^  N).  The  thicknesses  of  the  films  prepared  for  hardness  testing  were 
typically  greater  than  those  for  rolling  contact  testing  in  order  to  improve  accuracy  of  the 
hardness  measurement.  In  addition,  a  polished  substrate  improves  the  accuracy  of  the 
hardness  measurement  because  the  impressions  are  more  square  on  a  polished  surface  than  on 
a  rough,  ground  surface.  Generally,  the  penetration  of  the  indenter  into  the  film  ideally 
should  be  less  than  10%  [7-6].  Indenter  penetration  depth  can  be  readily  calculated  from  the 
geometry  of  the  indenter.  The  0.3  nm  films  used  for  most  of  the  rolling  contact  tests  would 
have  required  loads  less  than  0.1  milligrams  to  minimize  substrate  effects. 
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Fig.  7-30  Results  of  Ultramicrohardness  tests  indicated  thicker  Au-Pd 
interlayers  reduced  hardness. 

Results  indicate  the  greater  amount  of  Au-Pd  incorporated  in  the  film  (the  thicker  the  inter¬ 
layer)  the  softer  the  film  (Fig.  7-30).  The  increase  in  hardness  at  very  low  loads  has  been 
observed  by  others  and  is  generally  attributed  to  the  finite  shape  of  the  indenter  [7-7].  In  addi¬ 
tion,  the  difficulty  in  imaging  the  impressions  at  the  low  load  (100  milligrams)  makes  the 
accuracy  questionable.  The  gradual  rise  in  hardness  at  the  higher  loads  is  probably  due  to  the 
hard  substrate  considering  the  substrate  hardness  was  over  900  VHN.  The  1.5  nm  film 
appears  to  have  been  thicker  than  expected  considering  the  drop-off  in  hardness  at  the  higher 
loads. 

Indentation  Tests 

Indentation  testing  was  performed  on  the  films  that  were  deposited  by  Ovonics  during  the 
development  of  the  fracture  resistant  films.  This  type  of  thin  film  mechanical  test  may  predict 
the  performance  of  a  film  in  a  precision  bearing.  The  extent  of  lateral  film  cracking  at  the 
periphery  of  an  indent  reportedly  can  provide  an  indication  of  film  adhesion  or  interface 
fracture  toughness. 

Indents  were  made  on  1.0  |i.m  thick  films  that  had  been  deposited  on  polished  witness  plate 
using  a  Rockwell  "C"  indenter.  The  extent  of  film  fracture  associated  with  the  indents  was 
determined  by  examining  the  indent  in  a  scanning  electron  microscope  in  the  backscattered 
electron  (compositional)  imaging  mode.  The  area  of  fracture  associated  with  the  indents  was 
similar  for  the  1.5  nm  and  4.5  nm  interlayer  films  (Fig.  7-31). 


I  I  ■  I  <  I  ■ I  I  '  I  I  I  I  s 


-  184- 


20KU 


200KI1 


21KU 


200Ht1 


(b) 

Fig.  7-31  Compositional  electron  images  of  film  fractures  associated  with 
Rockwell  *'C"  indent  in  1.0  p.m  thick  1.5  nm  (a)  and  4.5  nm  (b) 
interlayer  thick  films  on  polished  substrates.  lOOX  magnification 


(b) 

Fig.  7-32  Compositional  electron  images  of  film  fractures  associated  with 
Rockwell  "C*  indent  in  0.3  |im  thick  1.5  nm  (a)  and  4.5  nm  (b) 
interlayer  thick  films  on  ground  substrates.  lOOX  magnification 
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The  fracture  associated  with  indents  of  0.3  |im  thick  films  that  were  deposited  on  ground  and 
lapped  440C  substrates  revealed  dramatic  differences  between  the  1.5  nm  and  4.5  nm  Au-Pd 
films  (Fig.  7.32).  No  evidence  of  lateral  cracking  was  detected  on  either  of  the  4.5  nm  Au- 
Pd  films  deposited  on  the  ground  substrates  (Fig.  7-32).  However,  both  of  the  1.5  nm  Au- 
Pd  films  on  ground  substrate  exhibited  extensive  cracking.  Films  on  lapped  substrates 
showed  similar  results.  The  only  difference  was  that  cracking  on  the  film  deposited  on  the 
lapped  substrate  was  discontinuous  whereas  the  cracking  on  the  ground  surface  was 
continuous. 

Rolling  Contact  Test 

Rolling  contact  tests  were  initiated  in  order  to  investigate  the  effect  of  film  variables  on  the 
delamination  of  the  film.  Three  0.25  inch  diameter,  hardened  AISI  521(X)  (Rc  60)  steel 
bearing  balls  were  oscillated  or  dithered  about  10  de^ees  in  rotation  between  two  discs,  one 
of  which  was  coated  (Fig.  7-33).  After  about  1(X)  dithers  at  8  Ibs/ball  normal  load  (285  ksi 
maximum  Hertz  stress),  tiie  plates  were  examined. 


Fig.  7-33  Rolling  Contact  Test  Configuration 

Results  indicated  that  many  of  the  films  deposited  on  ground  surfaces  typically  failed  by 
cracking  and  delamination;  whereas  films  on  lapped  surfaces  did  not  crack  or  delaminate 
under  any  conditions.  More  importantly,  film  cracking  and  delamination  that  occurred  on  the 
ground  surface  was  suppressed  when  the  Au-Pd  interlayer  was  increased  to  4.5  nm  (Table  7- 
9). 


Table  7-9 


Film 

Au-Pd  Interlayer  thickness  (nm)  I 

IllkJMfiSS 

LJ. 

3.0  4.5 

0.1  jxm 

Cracking 

Not  tested  Fine  Cracking 

0.3  pm 

Cracking* 

Not  tested  No  Cracking* 

1.0  pm 

Not  Tested 

Some  Cracking  Not  Tested 

Although  the  film  thickness  effects  were  not  fully  investigated,  these  initial  results  suggest 
that  0.3  }xm  thick  films  with  a  thick  Au-Pd  interlayer  were  optimum  in  forestalling  fracture  on 
a  ground  surface. 
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7.5.2  Film  Fracture  Characterization 

The  0.3  }j.m  films  that  were  deposited  on  the  ground  surfaces  and  then  tested  as  described 
above  were  examined  by  scanning  electron  microscopy  (SEM)  in  order  to  investigate  the 
nature  of  the  film  failures.  Backscattefed  electron  (compositional)  imaging  revealed  the 
delaminated  regions  on  the  test  disc  with  the  1.5  nm  Au-Pd  interlayer  film  (Fig  7-34a).  The 
delaminated  or  flaked  regions  were  clearly  associated  with  the  ridges  of  the  grinding  grooves 
as  evidenced  by  the  linear  delamination  configuration.  A  higher  magnification  view  of  the 
edges  of  these  flaked  regions  indicates  the  fractures  were  rather  brittle  with  little  evidence  of 
plastic  deformation  (Fig.  7-34b).  Within  the  flaked  regions,  a  residual  amount  of  film  could 
still  be  detected  (as  evidenced  by  the  light  contrasting  material  visible  on  the  substrate  surface 
-  Fig.  7-34b).  TTiis  result  was  confirmed  by  elemental  microanalysis. 

Incipient  film  delamination  could  be  observed  in  the  1.5  nm  Au-Pd  interlayer  film  by  tilting 
the  disc  to  a  high  angle  (Fig.  7-35).  A  gap  that  develops  between  the  film  and  substrate  after 
repeated  asperity  deformations  (rolling  the  ball  over  the  film)  suggests  the  steel  substrate  was 
exhibiting  greater  plastic  deformation  than  the  M0S2  film.  Subsequent  film  fracture  appears 
to  be  associated  with  this  difference  in  material  response.  The  fracture  appeared  to  initiate 
along  the  edge  or  sidewall  of  the  grinding  groove. 

The  4.5  nm  Au-Pd  interlayer  film  content  did  not  exhibit  any  delamination  or  cracking  upon 
rolling  contact  testing.  Defects  that  occurred  where  the  ball  tracked  appeared  to  have  resulted 
from  particles  embedded  in  the  film  (Fig.  7-36a)  or  organic  contamination  (black  spots  in  the 
backscattered  electron  image).  The  particulate  contamination  probably  occurred  as  a  result  of 
the  dirty  test  environment.  Higher  magnification  views  of  the  “rolled  over”  film  suggests 
increased  ductility  as  a  result  of  thieker  Au-Pd  interlayers.  This  increased  ductility  is  apparent 
in  a  high  tilt,  high  magnification  view  of  a  rolled  over  region  (Fig.  7-36b). 

Assessment 

The  rolling  contact  coating  tests  indicate  the  ground  surfaces  (typical  of  bearings)  are  more 
susceptible  to  delamination-type  fracture  than  the  lapped  surfaces.  High  surface  roughness 
places  severe  mechanical  demands  on  the  film.  As  a  ball  at  bearing  loads  rolls  over  a  ground 
surface,  high  points  associated  with  the  grinding  grooves  (asperities)  plastically  deform.  If 
the  film  does  not  plastically  deform  in  a  similar  manner,  fracture  inevitably  results.  This  lack 
of  film  deformation  is  evident  in  the  high  tilt  view  of  the  fractured  low  Au-Pd  content  film 
(Fig.  7-35).  On  lapped  surfaces,  the  bearing  loads  are  more  evenly  distributed  due  to  the 
low  asperity  heights.  Thus,  film  stresses  are  reduced.  Only  limited  plastic  deformation 
apparently  occurs  on  a  lapped  surface  when  rolled  over  by  a  ball. 

The  suppression  of  this  delamination  fracture  by  use  of  the  thick  Au-Pd  interlayers  film  is 
clear  evidence  of  improved  fracture  toughness.  Hilton  [7-9]  reports  that  the  fracture  tough¬ 
ness  of  multilayer  films  improves  with  increasing  metal  content.  Using  the  brale  indentation 
method  of  measuring  fracture  toughness,  it  was  shown  that  decreasing  the  M0S2  layer 
spacing  between  nickel  interlayers  and  inereasing  metal  content  resulted  in  less  film  delamina¬ 
tion.  Although  not  reported,  films  with  thin  M0S2  layers  (resulting  in  high  Au-Pd  content) 
were  also  tested  by  the  brale  indentation  method.  Those  films  exhibited  little  delamination 
during  indentation. 
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Topography  (b)  Composition  lOOOX 

Fig.  7-34  Backscattered  (compositional)  image  clearly  shows  the  (dark 
contrasting)  delaminated  regions  in  the  1.5  nm  Au-Pd 
interlayer  film  (a).  These  delaminated  regions  were 
associated  with  the  grinding  grooves  (b). 


Fig.  7-35  At  high  tilt,  incipient  film  delamination  was  observed  in  the 
1.5  nm  Au-Pd  interlayer  film  (a).  The  gap  under  the 
deformed  region  suggests  a  large  difference  in  material 
response  between  film  and  substrate  (b). 
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(b)  5000X 


Fig.  7-36  The  only  damage  found  on  the  4.5  nm  Au-Pd  interlayer  ^  film  test 
area  appeared  to  result  from  particles  (contamination)  indenting 
the  film  (a).  A  high  tilt,  high  magnification  view  of  the  film 
shows  considerable  deformation  occurred  at  grinding  ridge(b). 
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The  observed  improvement  in  fracture  toughness  of  thick  Au-Pd  interlayer  films  may  be  a 
consequence  of  an  energy  absorption  mechanism  such  as  crack  blunting.  Cracks  still  prob¬ 
ably  initiate  along  the  asperity  sidewalls;  however,  they  may  be  blunted  by  the  thick  Au-Pd 
interlayer.  The  Au-Pd  interlayer,  having  isotropic  properties,  has  the  same  deformation 
response  regardless  of  orientation  (i.e.,  sidewall  or  top  of  asperity).  Incorporating  soft, 
ductile  and  isotropic  interlayers  between  lamina  is  a  well  Imown  method  of  improving  fracture 
toughness  of  fiber  reinforced  composites  typically  at  the  expense  of  strength  [%10]. 

The  suppression  of  delamination  may  also  be  due  in  part  to  the  lower  yield  stress  and  higher 
ductility  exhibited  by  the  thick  interlayer  film.  Ultramicrohardness  measurements  indicate  the 
thicker  Au-Pd  interlayer  films  are  indeed  softer.  Considering  hardness  is  directly  related  to 
yield  stress  [7-11],  the  thicker  Au-Pd  interlayer  films  are  no  doubt  yielding  at  a  lower  stress. 
As  occurs  in  most  metallic  materials,  ductility  is  inversely  proportional  to  strength. 

The  high  Au-Pd  content  of  the  thick  metal  interlayer  film  may  increase  friction  of  the  film, 
although  composition  of  the  interlayer  apparently  controls  the  friction.  Hilton  [7-7]  reports 
that  high  gold  contents  in  IBAD  M0S2  films  exhibited  lower  friction  and  performed  far  better 
in  endurance  than  the  high  nickel  (sputtered)  counterpart  when  tested  in  a  thrust  washer 
configuration.  However,  these  results  were  not  as  good  as  pure  M0S2  or  low  (0.1  nm)  metal 
interlayers  (gold  and  nickel).  Although  the  high  gold  films  were  not  tested  in  a  rolling 
element  bearing  configuration,  these  results  suggests  that  there  would  be  only  a  minor  penalty 
in  friction. 
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7.6  EXAMINATION  OF  BEARINGS  INCORPORATING  THE  FRACTURE 
RESISTANT  FILM 


7.6.1  Scale-up  of  Deposition  System  for  Large  Bearings 

Significant  modification  of  the  Ovonics  deposition  chamber  was  required  to  deposit 
multilayers  on  the  large  5-  and  12-inch  bearings  as  compared  to  the  smaller,  105-sized 
bearings.  Scale-up  of  the  deposition  system  for  inner  races  was  much  simpler  than  for  the 
outer  races.  The  inner  races  are  rotated  in  front  of  large  (4x5  in.)  magnetron  sputtering 
targets  and  are  periodically  moved  in  front  of  one  target  or  the  other  to  obtain  the  appropriate 
layer  thickness.  Deposition  on  larger  inner  races  entailed  building  a  larger  chamber  and 
fixturing  to  accommodate  the  size  of  the  inner  race. 

Depositing  multilayer  films  on  the  large  outer  races  required  a  significant  change  in  the 
deposition  system.  The  smaller  105-siz^  outer  races  could  be  coated  by  rotating  the  race  in 
front  of  the  large  targets.  The  "throwing  power"  of  the  RF  magnetron  targets  was  sufficient 
to  deposit  on  the  inside  diameter  surface  of  the  outer  races  which  was  only  about  two  inches 
from  the  target  (diameter  of  the  outer  race  is  about  1.5  inches).  This  fixturing  set-up  could 
not  be  used  on  the  5  or  12-inch  bearings  because  the  inner  diameter  surface  was  too  far  from 
the  targets  for  efficient  deposition.  The  12-inch  outer  races  were  more  easily  accommodated 
by  placing  both  Au-Pd  and  M0S2  magnetron  targets  back  to  back  inside  the  races  and 
switching  on  when  needed.  Unfortunately,  the  5-inch  outer  race  required  developing  1  inch 
targets  because  existing  2  inch  targets  were  to  large  too  fit  inside  the  outer  race  ring.  This 
development  effort  resulted  in  a  significant  delay  in  the  program.  Moreover,  the  effect  of  this 
change  in  deposition  targets  and  geometry  on  film  properties  was  unknown. 

Large  Bearing  Witness  of  Deposition  Process; — Problems 
Control  of  the  process  through  analysis  of  deposition  witness  plates  was  extremely  limited 
on  the  larger  bearings.  For  the  105-sized  bearings,  the  quality  of  the  thin  films  was 
monitored  using  witness  plates  that  were  placed  on  the  fixture  that  held  the  bearing 
components.  These  fixtures  were  relatively  close  to  the  sputter  targets.  While  this  process 
control  system  was  not  useful  in  assessing  the  film  thickness  on  the  actual  bearing 
components  (described  in  section  7.4),  other  material  properties  such  as  composition, 
texture  and  hardness  could  be  assessed. 

Unfortunately  the  witness  plates  could  not  accompany  the  larger  races  in  the  deposition 
chamber.  Fixturing  of  the  tearing  components  did  not  allow  room  for  the  witness  samples, 
especially  during  deposition  on  the  outer  races.  The  fixtures  were  not  close  to  the  targets. 
An  attempt  was  made  to  attach  witness  plates  on  the  edge  of  the  races,  however,  these  plates 
were  only  on  the  edge  of  the  ion  flux  path.  The  resulting  films  were  very  thin.  In  order  to 
deposit  a  film  on  a  witness  plate  that  is  identical  in  ion  flux  to  the  film  on  the  inner  or  outer 
race,  additional,  dedicated  fixtures  would  have  to  been  developed  and  separate  deposition 
runs  undertaken.  The  expense  of  a  dedicated  deposition  run  precluded  this  fixture 
development.  Moreover,  the  witness  plate  would  not  "witness"  the  actual  deposition.  A 
satisfactory  solution  to  this  lack  of  process  control  was  not  determined.  For  actual  flight 
application,  expense  of  separate  witness  fixturing  would  probably  be  required  in  order  to 
verify  film  properties. 

The  fracture  resistant  film  developed  in  cooperation  with  Ovonics  was  applied  to  three  sizes 
of  bearings.  The  0.3  |im  thick  Au-Pd/MoS2  multilayer  (4.5  nm  Au-Pd  interlayers)  film  was 
applied  to  inner  and  outer  races  and  Salox  retainers  were  used.  After  life  testing,  these 
bearings  were  disassembled  and  the  films  characterized. 
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Examination  of  2-inch.  105-Sized  Bearin2S 

The  small  bearings  with  the  fracture  resistant,  multilayer  film  were  similar  in  appearance  to 
the  small  screening  bearings  that  had  Salox  retainers  previously  reported  (section  7.5).  The 
retainer  ball  pockets  revealed  small  wear  scars  with  wear  debris  on  the  edges  of  the  scar.  The 
balls  and  ball  tracks  on  the  races  were  copper  colored,  indicating  transfer  of  the  bronze  in  the 
retainer  to  these  components.  Debris  generated  mostly  from  the  contact  between  the  ball  and 
retainer  covered  the  components. 

SEM  examination  of  the  inner  races  showed  a  wear  appearance  similar  to  other  screening 
bearings.  The  ball  track  was  well-defined  by  the  edges  of  the  film  (Fig.  7-37a).  Although 
evidence  of  fracture  was  not  found,  the  film  was  clearly  worn  from  the  ball  track  edge  (Fig. 
7-37b).  Circumferential  bands  of  retainer  transfer  film  was  evident  and  a  highly  tilted  view 
of  these  transferred  films  reveals  a  thickness  that  averaged  about  0.5  pm  (Rg  7.38).  The 
ball  track  widths  of  the  four  inner  races,  (0.047,  0.057,  0.048  and  0.045  inch)  were 
comparable  to  other  bearings  with  polytetrafluoroethylene  retainers  (section  7.5). 

Examination  of  5-inch  (117-sized)  bearings 

Examination  of  the  two  sets  of  5-inch  bearings  incorporating  the  0.3  pm,  multilayer  fracture 
resistant  coating  revealed  a  wear  appearance  similar  to  the  smaller,  105-size  bearings. 
Moreover,  little  difference  between  the  individual  bearings  was  observed.  The  retainer  ball 
pockets  revealed  small  wear  scars  with  wear  debris  on  the  edges  of  the  scar.  This  wear 
debris  was  also  collected  along  the  outside  diameter  of  the  retainer  that  contacted  the  outer 
race  land.  The  inner  and  outer  races  and  balls  were  copper-colored,  indicating  a  transfer  of 
the  bronze  in  the  Salox  material  to  these  components. 

SEM  examination  of  the  inner  races  showed  a  wear  appearance  similar  to  previously 
examined  parts.  The  ball  track  was  well-defined  by  the  edges  of  the  film  (Fig.  7-39a). 
Although  M0S2  can  be  detected  in  the  track,  the  film  was  clearly  wom-off  or  fractured  at  the 
edge  (Fig.  7-39b).  Circumferential  bands  of  retainer  transfer  film  were  evident  and  a  highly 
tilted  view  of  these  transferred  films  reveals  a  thickness  of  about  3  pm  (Fig.  7-40). 

Examination  of  the  12-inch  Bearing  with  Fracture  Resistant  Film 
The  12-inch  bearings  incorporating  the  fracture  resistant  films  and  Salox  retainers  were 
disassembled  and  examined  in  order  to  determine  the  source  of  the  intermittent  high  torque. 
The  periodic  increases  in  bearing  torque  exhibited  by  these  bearings  are  suspected  to  result 
from  a  high  transfer  rate  of  retainer  material  to  the  ball  race  interface  (Fig.  6-21). 

As  observed  on  the  smaller  bearings,  considerable  amount  of  retainer  debris  was  evident  on 
the  balls,  races,  and  retainers.  All  of  the  balls  (in  both  the  top  and  bottom  rows)  were 
copper  eolored  which  indicated  the  bronze  component  of  the  retainer  material  transferred  to 
balls.  The  bronze  had  also  transferred  to  the  races  as  evidenced  by  the  copper  color  of  the 
ball  track.  The  loose  debris  could  easily  be  wiped-off  with  a  Q-tip  swab.  However,  Ae 
bronze  was  quite  adherent  and  could  not  be  removed.  Close  inspection  of  a  cleaned  region 
of  the  ball  track  did  not  reveal  a  fractured  edge  of  the  film  along  the  ball  track  that  had  been 
observed  in  the  past  (Fig.  7-41).  Although  these  large  bearings  were  too  large  to  fit  into  the 
SEM  chamber  for  evaluation  of  the  film,  visual  appearance  was  similar  to  the  five  and  105- 
size  bearings.  The  ball  track  was  probably  very  similar  to  the  smaller  bearings;  loss  of  film 
at  the  edges  combined  with  a  relatively  thick  deposit  of  transfer  film. 
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Topography  (b)  Composition  250X 

Fig.  7-37  Ball  track  on  105-sized  bearing  inner  race  (a).  Dark  band  in 
ball  track  center  is  a  retainer  transfer  film.  Loss  of 
multilayer  film  at  lower  track  edge  is  shown  (b). 
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10,000X 


Fig,  7-38  Highly  tilted  image  of  the  retainer  transfer  film  in  ball  track 
center  (a  -  see  Fig.  7-37a).  High  angle  view  of  transfer  film 
edge  indicates  film  was  about  a  micrometer  thick  (b). 
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Topography  (a)  Composition  25X 
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Topography  (b)  Composition  250X 

Fig.  7-39  Ball  track  on  117-sized  bearing  inner  race  (a).  Dark  band  in 
ball  track  center  is  a  retainer  transfer  film.  Loss  of 
multilayer  film  at  lower  track  edge  is  shown  (b). 
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(b)  2.500X 

Fig.  7-40  Highly  tilted  image  of  the  retainer  transfer  film  in  ball  track 
center  (a  -  see  Fig.  7-39a).  High  angle  view  of  transfer  film 
edge  indicates  film  was  about  a  3  ^m  thick  (b). 
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Fig.  7-41  Twelve  inch  duplex  bearing  with  top  row  of  balls  removed 
shows  bottom  row  of  balls  and  retainer  toroids  (a). 
Considerable  retainer  debris  was  evident  along  inner  race 
shoulder  (b). 


7.6.2  Assessment:  Fracture  Resistant  Thin  Films 

The  significant  portion  of  the  M0S2  thin  film  on  the  bearing  is  lost  or,  more  accurately, 
converted  to  a  burnished  film  during  the  early  stages  of  the  bearing  life.  Although  high  gold 
film  on  the  bearings  improved  ductility  and  fracture  resistance  as  a  result  of  thick  Au-Pd 
interlayers,  these  improvements  may  have  only  forestalled  eventual  film  loss  and  relatively 
little  of  the  film  remained  in  the  ball  wear  tracks  when  examined  at  the  end  of  life.  The 
mechanics  associated  with  this  loss  of  film  are  not  clear  although  fatigue  and  associated 
fracture  of  the  film  still  appears  to  be  dominant  mechanism  for  film  loss. 

Eventually,  bearing  lubrication  is  primarily  due  to  (double)  transfer  of  retainer  material 
(retainer  to  ball,  then  ball  to  race),  rather  than  the  burnished  thin  film.  Unfortunately,  this 
transfer  process  is  not  particularly  stable  and  appears  to  cause  occasional  high  torques 
(spikes).  Excessive  debris  generation  from  retainer  wear  appears  to  be  the  primary  source  of 
the  intermittent  high  torques,  although  thin  film  and  metal  wear  particulate  also  contribute  to 
torque  spikes.  For  reasons  not  quite  clearly  understood,  overtransfer  of  the  retainer  will 
occur  sometimes  and  the  increase  in  preload  associated  with  the  overtransfer  will  increase  the 
bearing  torque.  Perhaps  the  gradual  loss  of  the  thin  film  increases  bearing  fiiction,  which 
increases  the  transfer  rate.  Conversely,  the  retainer  material  may  transfer  at  too  great  a  rate, 
which  consequently  increases  the  film  loss  rate.  In  any  event,  the  copper  color  of  the  balls 
and  race  tracks,  organic  deposits  in  the  ball  track,  and  wear  of  the  b^l  pockets  is  the  clear 
evidence  of  transfer  film  in  all  of  the  bearings. 

7.7  PRODUCIBILITY  OF  THIN  FILMS:  PROCESS  REQUIREMENTS  FOR 
THIN-FILM  BEARINGS 

Film  Thickness 

Obtaining  an  accurate  film  thickness  appears  to  be  probably  the  most  important  process 
requirement  for  these  precision  bearings.  A  consequence  of  tiie  film  conversion  is  a  loss  of 
preload  and  concomitant  loss  of  bearing  stiffness.  Although  the  retainer  transfer  film  deposits 
help  to  offset  the  film  loss,  the  transfer  film  thickness  appears  to  be  uneven  and  unstable.  The 
amount  of  stiffness  loss  that  is  acceptable  determines  Ae  maximum  allowable  thickness  of 
film  on  the  bearing.  The  thinner  film  is  acceptable  in  view  of  the  observation  that  the  retainer 
provides  a  considerable  amount  of  lubrication. 

Experience  gained  during  the  analysis  of  the  tested  bearings  and  Hohman  process 
optimization  suggest  that  obtaining  the  required  thickness  of  coating  is  difficult  for  most  of 
the  different  types  of  thin  films  examined  in  the  thrust  bearing  screening  tests.  As  can  be 
seen  in  Table  %1,  the  thicknesses  of  the  various  films  on  the  thrust  bearings  varied  between 
60%  to  200%  of  the  nominal.  This  variability  in  thickness  also  occurred  in  films  deposited 
on  angular  contact  bearings  by  NCT  and  Hohman. 

Only  Ovonics  has  consistently  deposited  films  on  bearing  races  with  very  accurate  film 
thickness.  Perhaps  this  accuracy  is  inherent  in  the  multilayer  approach  to  film  deposition  or 
due  to  their  considerable  experience  in  coating  components  us^  in  X-ray  diffraction.  In  any 
event,  additional  bearing  components  from  all  sources  remain  to  be  examined  to  confirm 
these  observations. 

Film  thickness  accuracy  was  typically  poor  for  film  suppliers  other  than  Ovonics.  Most  film 
producers  apparently  predict  film  thicknesses  based  upon  witness  plates  rather  than  from 
practice  runs  on  actual  components  which  are  more  accurate.  The  reason  for  this  poor 
accuracy  becomes  apparent  by  examining  the  results  of  tiie  film  thickness  “mapping”  in  the 
Hohman  deposition  chamber  (Table  7-4).  Film  thickness  varies  not  only  with  component 
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orientation,  but  also  size  and  composition  of  the  substrate.  Even  after  this  mapping,  the 
thicknesses  of  Hohman  films  on  the  races  were  off  by  up  to  100%. 

Despite  these  inaccuracies  in  absolute  film  thickness  accuracy,  the  repeatability  was  high, 
indicating  that  deposition  runs  for  each  film  producer  were  reproducible.  No  doubt  accurate 
film  thickness  could  be  obtained  for  all  films  if  repeat  calibration  runs  on  actual  bearing 
components  were  run.  This  extra  step,  no  doubt,  adds  considerably  to  the  cost  of 
deposition.  However,  at  this  level  of  process  development,  component  witness  plates  are  a 
necessity  .although  future  experience  may  prove  otherwise. 

Mechanical  Tests;  Indentation.  Hardness  ,  .  ^  .u 

Tests  that  provide  an  indication  of  film  mechanical  properties  could  be  correlated  with  nlm 
life,  considering  film  fracture  and  conversion  to  a  burnished  film  is  associated  with  bearing 
life.  Extent  of  film  fi-acture  that  results  during  a  Rockwell  indentation  was  clearly  related  to 
resistance  of  the  film  in  the  rolling  contact  test.  Large  differences  observed  in  indentation 
film  fracture  between  the  thin  and  thick  Au-Pd  interlayer  films  were  also  observed  in  the 
rolling  contact  tests.  Qinsidering  that  both  the  rolling  contact  and  the  indentation  tests  appear 
to  reveal  similar  fracture  toughness  "properties"  of  a  thin  film,  the  simpler,  indentation 
method  may  be  a  preferable  test  for  developing  more  fracture  resistant  films. 

The  indentation  test  could  be  implemented  in  film  quality  control.  The  test  could  be 
performed  on  the  race  shoulder  and  not  affect  bearing  operation;  and,  therefore,  be  done  on 
precision  flight  bearings  to  ensure  quality.  However,  imaging  the  indent  on  a  flight  bearing 
may  be  the  difficult.  Although  nondestructive,  electron  microscopes  generally  have  chamber 
size  limitations  which  would  limit  the  size  of  the  bearing  that  could  be  placed  in  the  chamber 
to  about  6  inches  in  diameter.  Perhaps  some  other  optical  microscopic  method  could  be 
utilized  to  image  the  film  fracture. 

Thin,  ductile  films  however,  do  not  necessary  provide  useful  fracture  data.  Neither  the  thick 
4.5  nm  Au-Pd  interlayer  films  at  0.3  ^m  nor  the  0.3  ^im  NCT  films  on  the  screening 
bearings  showed  any  detectable  radial  fracture.  If  thin,  ductile  films  are  used  in  beings, 
subtle  differences  in  the  fracture  resistance  of  these  films  may  not  detectable  in  the 
indentation  test. 

Film  hardness  (determined  by  ultramicrohardness  testing)  may  also  provide  an  indication  of 
the  film  life.  Hardness  was  inversely  correlated  with  extent  of  film  fracture  in  the  rolling 
contact  test:  the  softer  the  film,  the  greater  the  fracture  resistance.  If  soft,  ductile  films  are 
required  for  long  film  life,  hardness  tests  appear  to  be  useful  in  film  charactenzation. 
Unfortunately,  ultramicrohardness  testing  requires  specialized  witness  plates  and  adequate 
film  thickness. 


Film  Chemistry.  Texture.  MorphologY  ^  •  u 

The  effect  of  specific  film  characteristics,  such  as  crystalline  texture  and  composition  on  the 
friction  and  endurance  of  rolling  element  bearings,  remains  to  be  established.  These  film 
characteristics  may  have  little  effect  on  film  properties  in  a  rolling  element  environment. 
Never-the-less,  characterization  of  the  films  to  confirm  run-to-run  deposition  consistency 
should  be  undertaken  until  these  characteristics  are  conclusively  shown  to  be  nonessential 
(especially  at  this  stage  in  process  development). 

X-ray  diffraction  has  clearly  revealed  changes  in  the  film  texture  as  a  result  of  intentional 
process  changes.  Deposition  current  levels  can  be  determined  by  texture  (albeit  subtle)  in  the 
Hohman  films.  A  texture  change  in  the  apparently  optimized  NCT  film  was  observed  in  the 
diffraction  spectra,  although  this  may  have  little  effect  on  film  endurance. 
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Morphological  characterization  of  the  film  by  SEM  also  reveals  process  changes.  This  was 
clearly  evident  in  both  the  Hohman  and  NCT  films.  However,  this  morphology 
characterization  can  be  performed  on  the  witness  plates  that  accompany  the  bearing 
components,  at  the  same  time  thickness  is  measured. 

The  utility  of  compositional  analysis  appears  to  be  less  important  than  texture  or 
morphology.  However,  gross  changes  in  composition  are  likely  to  alter  film  behavior. 
Composition  can  also  be  determined  by  X-ray  photoelectron  spectroscopy  (XPS)  on  witness 
plates.  Note  that  other  analyses  could  also  be  subsequently  performed  on  accompanying 
witness  plates,  if  the  film  quality  were  suspect  as  a  result  of  subsequent  anomalous  bearing 
behavior. 

Accelerated  Film  Life  Testing:  A-6  &  Rolling  Contact 

Accelerated  testing  of  thin  films  in  a  simple  wear  tester  provides  both  a  method  of  quickly 
testing  new  thin  films  in  development  and  subsequent  qudity  control  of  film  lots.  However, 
sliding  wear  testers  such  as  the  well  know  pin-on-disc  test  clearly  do  not  simulate  the  rolling 
element  environment.  Development  of  improved  testers,  such  as  the  described  rolling 
contact  tester,  that  quickly  assess  how  well  a  thin  film  will  perform  in  an  angular  contact 
bearing  are  needed  to  improve  the  existing  films  and  provide  adequate  quality  control. 

Hohman  used  an  A-6  tester  configured  as  a  rub  block  with  a  thin  film  loaded  against  a 
rotating  cylinder  to  assess  films.  The  test  rig  was  instrumented  to  detect  film  failure  by  a 
sudden  increase  torque.  While  this  test  method  provided  an  assessment  of  film  endurance 
typically  in  less  than  a  day,  the  film  was  tested  only  in  pure  sliding.  Considering  the  thin 
films  in  an^lar  contact  bearings  failed  from  fracture  associated  with  cyclic  loading  in  rolling 
contact,  sliding  endurance  of  a  film  may  not  be  relevant.  Moreover,  a  hard  film  that  is 
optimized  for  sliding  may  perform  poorly  in  a  rolling  application  that  requires  high 
toughness. 

The  rolling  element  tester  collectively  developed  by  Ovonics  and  LMSC  provided  rolling 
element  motion  to  assess  films  (see  section  7.6).  While  this  test  method  more 
accurately  simulated  an  angular  contact  bearing  environment  (compared  to  the  A-6 
or  a  pin  on  disc  tester),  film  failure  was  determined  by  a  somewhat  subjective  means. 
After  100  dithers,  the  degree  of  wear  was  assessed  by  visual  and/or  SEM  examination  of  the 
test  coupon.  This  test  method  duplicated  the  fracture  observed  on  angular  contact  bearings. 
The  technique  could  be  improved  in  order  to  determine  endurance  in  more  ductile  (fracture 
resistant)  films.  Instrumenting  the  test  to  detect  a  torque  increase  from  film  loss  would  be 
one  method  to  improve  the  test. 

Improving  the  Thin  Film  Bearings  (Summary) 

Results  to  date  show  considerable  progress  towards  developing  flight  bearings  that  exhibit  a 
predictably  long  endurance  and  low  friction;  however,  a  number  of  design  issues  remain  to 
be  resolved.  Although  producing  an  accurate  film  thickness  was  resolved,  the  relationship 
between  thickness  and  life  still  appears  to  be  a  function  of  the  film  fracture  toughness. 
Conversion  of  the  intact  film  to  a  burnished  film  controls  the  useful  life  of  the  film.  Transfer 
films  from  the  retainer  that  also  provide  bearing  lubrication  obscure  this  transition  of  the 
intact  film  to  a  burnished  film.  Interval  testing  (examination  of  the  wear  tracks  at  intervals 
during  the  life  test)  could  be  one  method  of  determining  the  wear  mechanism. 

Polytetrafluoroethylene-based  retainers  appear  to  be  required  for  long  bearing  life.  After 
some  unknown  interval,  the  thin  films  on  the  bearings  are  converted  to  a  burnished  film,  and 
additional  lubricant  is  supplied  by  the  PTFE  retainers.  However,  improved  fracture 
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resistance  of  thin  films  could  delay  or  minimize  the  amount  of  retainer  film  transferred  to  the 
race.  Angular  contact  screening  bearings  that  had  only  the  Salox  retainers  (no  M0S2  thin 
film)  did  not  exhibit  substantially  worse  torque  than  the  bearings  incorporating  thin  films 
and  Salox  retainers.  The  thin  films  may  have  been  primarily  responsible  for  the  initial  low 
torque,  but  after  about  10  million  cycles,  little  difference  between  the  bearings  with  or 
without  thin  films  was  observed,  although  greater  track  wear  was  observed. 

Considering  that  retainer  transfer  films  both  provide  lubrication  extending  thin  film  bearing 
life,  and  at  the  same  time,  cause  an  occasional  high  torque  from  debris  jjuild-up,  research 
into  improving  retainer  materials  may  be  worthwhile.  A  retainer  material  that  provides  a 
consistent  amount  of  transfer  film  under  various  bearing  speeds,  loads,  cycle  rates, 
temperature,  etc.  may  be  more  beneficial  than  a  thin  film  that  doesn't  fracture. 


7.8  CHARACTERIZATION  OF  LIQUID  LUBRICANTS 

A  important  component  of  the  tribomaterials  development  program  is  testing  and 
characterization  of  lubricant  greases.  Considering  that  liquid  lubricants  are  presently  used  in 
precision  gimbal  bearings,  they  offer  a  necessary  standard  to  which  the  dry  films  should  be 
compared  (especially  under  sinailar  test  conditions). 

A  major  weakness  of  liquid  lubricants  for  space  applications  is  volatility  or  outgassing 
properties.  Loss  of  the  beaing  lubricant  in  the  vacuum  (space)  environment  is  detrimental  not 
only  because  in  time  there  may  be  insufficient  lubricant  quantity  to  provide  low  friction,  but 
also  the  volatile  components  may  contaminate  other  critical  spacecraft  components  such  as 
optics.  Bearing  sealing  techniques,  lubricant  quantity,  instrument  wavelength  sensitivity,  and 
line-of-sight  location  are  factors  that  determine  if  outgassing  is  a  problem.  Outgassing  tests 
were  performed  on  three  greases  that  are  presently  under  test  in  large  precision  bearings: 


1.  Nye  Rheolube  952  is  a  neopentylester  (NPE)  oil  with  a  lithium  stearate  thickener. 
Additives  also  in  this  grease  are  tricresylphosphate  (TCP)  for  antiwear  and  dibutylated 
hydroxy  toluene  (BHT^)  as  an  antioxidant.  This  grease  provided  the  lowest  consistent  torque 
of  all  the  liquid  lubricants  tested  in  the  105-sized  bearing  tester. 

2.  Nye  Rheolube  2000  is  a  multiply-alkylated  cyclopentane  (MAC)  oil  with  a  sodium 
octadecyl  terephthalanate  thickener.  Lead  naphthanate  (PbNp)  in  a  3.5%  concentration  is 
added  for  antiwear.  Two  antioxidants:  thiodiethylene  bis  3,5  tii-tertiary  butyl  -4-  hydroxy 
hydrocinnamate  and  dioctyldiphenylamine,  are  also  in  the  grease  formulation. 

3.  Braycote  600  is  a  perfluoropolyalkylether  (PFPE)  oil  with  a  polytetrafluoroethylene 
(Prra)  thickener.  This  synthetic  grease  is  the  most  widely  used  lubricant  in  flight  beaumgs  at 
LMSC.  However,  Braycote  600  has  some  limitations  such  as  a  lack  of  solubility  for 
commonly  used  antiwear  or  antioxidant  additives.  Moreover,  under  some  conditions,  the 
lubricant  reportedly  will  polymerize  under  extreme  pressure. 

Outgassing  Tests 

The  outgassing  properties  of  the  three  greases  were  determined  using  an  effusion  cell 
combined  with  four  quartz  crystal  microbalances  (QCM).  A  2-gram  grease  sample  in  a  25°C 
(temperature  controlled)  effusion  cell  is  placed  in  a  high  vacuum  (1  x  lO'^  torr)  chamber.  The 
outgassing  flux  is  monitored  by  the  four  QCM’s  held  at  85°K,  160°K,  220°K,  and  298°K. 
The  low  temperature  QCM  (at  85°K)  determines  the  outgassing  rate  and  total  mass  loss 
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Outgassing  Rate  (g/cm^2  s) 


(TML).  The  other  three  QCM’s  determine  volatile  condensable  material  (VCM).  In  addition, 
the  test  chamber  is  equipped  with  a  mass  spectrometer  in  order  to  identify  chemical  species  in 
the  volatile  component  of  the  grease.  Note  that  this  test  method  is  in  the  process  of  becoming 
an  ASTM  standard  (ASTM  E21.05). 

The  Rheolube  952  had  an  order  of  magnitude  higher  outgassing  rate  than  the  Rheolube  2000 
which  in  turn  was  an  order  of  magnitude  higher  than  the  Braycote  600  (Fig.  7-42).  The  high 
initial  mass  loss  of  the  greases  in  the  first  2  hours  of  the  test  is  probably  due  in  part  to 
moisture  absorbed  form  the  atmosphere.  After  this  initial  loss,  the  outgassing  rate  decreased 
linearly  for  the  remaining  46  hours  of  the  test. 


0  8  16  24  32  40  48 


Time  (h) 

Fig.  7-42  Outgassing  rate  of  greases  at  25°C  and  1  x  10*^  torn 


This  loss  rate  can  be  integrated  over  the  initial  24  hour  test  time  to  provide  the  %  TML.  The 
same  integration  was  undertaken  with  the  other  three  QCM’s  to  provide  the  %  VCM.  These 
results  are  presented  in  Table  7-10. 
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Table  7-10 


Rheolube  952 

Rheolube  2000 

TML(%) 

0.46 

0.124 

0.0123 

VCM  (%)  @  160°K 

0.36 

0.104 

0.007 

VCM  (%)  @  220°K 

0.0015 

0.044 

0.0014 

VCM  (%)  @  298°K 

0.0003 

0.0003 

0.0003 

These  values  are  relatively  low  when  compared  to  the  ASTM-E595  requirements  of  TML 
^1.0%  and  VCM  @  298°K  ^.1%.  However,  the  ASTM  requires  the  tested  material  to  be 
held  at  125®C  for  24  hours.  These  measurements  were  obtained  at  25°C,  which  is  a  more 
realistic  operational  temperature  for  a  precision  ginabal  bearing.  The  0.0003  %  VCM  rate  in 
the  298°K  row  is  the  lower  limit  of  detection  of  the  QCM. 

Identification  of  condensed  material  on  the  QCM  was  partially  successful  for  the  volatile 
compounds  from  the  Rheolube  952.  However,  less  information  was  obtained  from  the  other 
two  greases.  This  result  was  mostly  due  to  the  greater  amount  of  collected  material  available 
for  analysis  on  the  Rheolube  952  QCM. 

When  the  85°K  QCM  that  collected  Rheolube  952  volatiles  was  reheated,  butylated  hydroxy 
toluene,  dimethyl  phenol  isomers,  and  o-cresol  were  detected.  The  butylated  hydroxy  toluene 
and  o-cresol  are  from  the  antioxidant  (BHT^)  and  antiwear  (TCP)  additives.  The  source  of 
the  dimethyl  phenol  isomers  is  unknown,  although  it  may  be  a  byproduct  of  grease 
manufacture. 

Reheating  the  QCM  containing  the  Rheolube  20(X)  volatiles  rele^ed  a  continuum  of  chemicd 
species  which  made  individual  identification  of  the  species  difficult.  However,  aliphatic 
hydrocarbons  and  aliphatic  amines  were  detected.  Both  the  aliphatic  hydrocarbons  and  the 
aliphatic  amines  are  probably  contaminants  in  the  grease  thickener. 

The  Braycote  600  QCM  released  mostly  aliphatic  hydrocarbon  and  fluorocarbon  when 
reheated.  Again,  these  species  were  detected  against  a  background  of  unidentifiable  chemical 
species.  The  aliphatic  hydrocarbon  is  an  oil  contaminant;  the  fluorocarbon  is  no  doubt  a 
byproduct  of  the  fluorocarbon  oil  manufacturing  process. 

Outgassing  Requirements  of  a  Bearin2  Grease 

These  outgassing  results  suggest  that  the  lubricant  additives  are  responsible  for  the  poorer 
performances  of  the  Rheolube  greases  in  comparison  to  the  Bray  600  lubricant  (which 
contains  no  additives). 

The  volatiles  of  the  base  oils  in  these  synthetic  greases  are  sufficiently  low  so  that  there  is 
little  concern  that  insufficient  oil  will  remain  for  lubrication  for  the  life  of  the  bearing. 
However,  loss  of  some  additives,  such  as  TCP  and  BHT^,  may  result  in  the  significantly 
reduced  lubrication  properties.  Loss  of  the  antiwear  additive  TCP  may  be  especially 
detrimental  in  high  load,  slow  speed  bearing  operation  such  as  a  gimbal.  Under  these 
bearing  conditions,  TCP  is  known  to  reduce  wear. 

The  loss  of  the  TCP  and  BHT^  additives  has  been  observed  in  other  lubricants.  For 
example,  when  a  poly-a-olefin  oil  containing  a  few  percent  of  these  additives  was  exposed 
to  a  mild  vacuum  of  10  millitorr  at  200  ®F  for  100  hours,  less  than  10%  of  these  original 
additives  remained.  Clearly,  these  additives  only  provide  bearing  protection  under  ambient 
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(nonvacuum)  conditions.  Much  of  the  testing  of  the  bearing  mechanism  is  done  in  air  so  that 
these  additives  would  provide  protection  during  the  early  phase  of  bearing  life. 

The  lead  naphthanate  antiwear  additive  in  the  Rheolube  2000  appears  to  offer  a  significant 
improvement  to  the  TCP  due  to  its  low  volatility.  Note  that  this  additive  was  not  detected  in 
the  outgassed  products  from  the  Rheolube  2000  grease.  Considering  vapor  pressure  is 
typically  a  function  of  molecular  weight,  the  vapor  pressure  of  lead  naphthanate  is  likely  to 
lx  extremely  low  due  to  the  presence  of  the  lead  in  the  molecular  composition.  In  any  event, 
addition  wear  testing  is  required  to  determine  if  the  antiwear  properties  are  equal  to  TCP. 

The  order  of  magnitude  higher  outgassing  rate  of  the  Rheolube  2000  in  comparison  to  the 
Bray  600  appears  to  be  due  to  the  amine  antioxidant  additive.  The  phenolic-base  antioxidant 
may  also  have  contributed  but  was  lost  in  the  background  spectra.  The  cyclic  synthetic 
hydrocarbon  oil  in  the  Rheolube  2000  (Pennzane  SHF  2000)  reportedly  has  a  vapor  pressure 
equal  to  or  better  than  the  perfluorinated  polyether  base  oil  in  the  Bray  600.  However,  no 
additives  were  in  the  tested  oil.  Higher  molecular  weight  (low  vapor  pressure)  antioxidants 
are  clearly  needed  to  improve  the  outgassing  properties  of  this  synthetic  hydrocarbon  grease. 

The  grease  manufacturing  process  can  also  introduce  hydrocarbon  contaminates  that  increase 
the  outgassing  rate  of  these  greases.  Both  the  Rheolube  2000  and  the  Bray  600  had  some  of 
these  contaminates  present.  To  remove  these,  some  type  of  vacuum  stripping  procedure  is 
probably  required  (similar  to  this  outgassing  test)  in  order  to  ensure  the  grease  has  low 
volatility. 

Infrared  Characterization  of  Liquid  Lubricants 

Contamination  of  optical  devices  is  generally  considered  one  of  the  more  serious  drawbacks 
in  the  use  of  liquid  lubricated  gimbal  bearings.  In  order  to  determine  the  extent  of  this 
potential  contamination,  lubricant  outgassing  rates  and  infrared  absorption  spectra  were 
measured  on  the  three  lubricants  presently  being  tested  in  precision  bearings.  Determining  the 
quantity  of  volatile  contaminants  that  may  deposit  on  an  optical  device  is  only  a  part  of  the 
contamination  assessment.  In  addition,  the  absorbance  of  the  infared  spectral  bands  (of  the 
optical  devices)  by  this  contamination  is  also  required. 

The  spectral  bands  (wavelength  in  micrometers  ()im))  corresponding  to  infrared  detection 
elements  are  listed  Table  7-11  although  the  boundaries  are  more  or  less  established  by 
convention.  Generally,  a  separate  detector  is  required  for  each  spectral  region. 

Table  7-11 


Short  Wave  Infrared  (SWIR) 

2  -  3  |rm 

Medium  Wave  Infrar^  (M\^R) 

3  -  5  |jm 

Long  Wave  Infrared  (LWIR) 

5  -  20  |J.m 

Very  Long  Wave  Infared  (VLWIR) 

>20M.m 

fnfargd  Absorbance 

The  infrared  absorbance  of  the  greases  was  determined  by  irradiating  a  small  quantity  of  the 
grease  on  a  KBr  pellet  with  infrared  light.  A  Fourier  transform  of  the  transmitted  light  was 
then  plotted  in  the  2.5  to  15.55  micrometer  (^im)  range.  Considering  only  the  liquid 
component  of  the  grease  was  likely  to  volatilize  and  contaminate  optics,  an  attempt  was  made 
to  separate  the  oil  from  the  thickener  component.  Results  were  only  partially  successful, 
although  careful  interpretation  of  the  spectra  shows  which  bands  are  associated  with  the 
specific  component. 
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1 .  Nye  Rheolube  952  is  a  neopentylester  oil  witli  a  lithium  stearate  thickener.  Examination  of 
the  IR  spectra  of  the  grease,  oil  and  thickener  components  indicates  the  oil  is  likely  to  absorb 
mosdy  in  the  LWIR,  especially  sharp  at  the  5.9  pm  band  (Fig.  7-43).  The  oil  component  also 
had  a  number  of  less  intense  spectral  peaks,  from  6.8  to  about  10  pm,  also  in  the  LWIR 
region.  While  some  of  these  other  absorption  peaks  may  be  a  portion  of  the  thickener 
component  not  completely  removed  during  centrifuging,  most  of  this  absorption  is  probably 
associated  with  the  complex  (poly)ester  structure. 

2.  Nye  Rheolube  2000  is  a  multiply-alkylated  cyclopentane  (MAC)  oil  with  a  sodium 
octadecyl  terephthalanate  thickener.  The  oil  component  of  this  grease  had  an  intense 
absorption  in  the  3.4  to  3.5  pm  range  (Fig.  7-44).  This  region  is  sharp  and  on  the  edge  of  the 
MWIR  region.  As  occurred  with  the  952  grease,  not  all  of  the  thickener  was  separated  from 
the  oil  component  thus  probably  accounting  for  most  of  the  peaks  in  the  LWIR  region, 
although  these  peaks  may  be  part  of  the  oil  spectrum. 

3.  Braycote  600  is  a  perfluoropolyalkylether  (PFPE)  oil  with  a  polytetrafluoroethylene 
(FI  FE)  thickener.  The  oil  component  of  this  grease  was  available  for  testing.  (This  lubricant 
is  probably  the  most  widely  used  at  LMSC).  A  rather  intense,  wide  band  is  evident  in  the 
LWIR  region  (Fig.  7-45). 


Fig.  7-43  Oil  component  of  the  Rheolube  952  Grease  (1000  nm  =  1  pm) 
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Fig.  7-45  Oil  component  of  Braycote  Grease,  Bray  815Z  (1000  nm  =  1  |xm). 
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Although  the  IR  absorption  data  generated  in  this  experiment  are  useful  as  an  initial 
assessment  of  the  contamination  potential  of  the  various  greases,  more  accurate  and  realistic 
information  could  be  gained  by  a  more  elaborate  test.  For  example,  testing  just  the  oil 
component  of  the  grease  may  eliminate  the  thickener  interference.  However,  unreacted 
thickener  components  may  also  be  volatile  and  contaminate  optical  devices.  Perhaps  the  best 
method  of  determining  the  contaminating  potential  of  the  greases  would  be  to  collect  the 
volatilized  portion  of  the  grease  for  analysis.  This  could  be  done  by  exposing  a  witness  plate 
designed  specifically  for  IR  analysis  (such  as  a  KBr  pellet)  to  the  vapor  species  generated 
during  an  outgassing  test  (such  as  with  the  quartz  crystal  microbalance). 

Contamination  Potential 

The  potential  contamination  of  an  optical  device  by  a  synthetic  grease  is  probably  more  a 
function  of  bearing  location  relative  to  the  optical  device  than  the  volatility  or  composition  of 
the  grease.  Only  when  the  detector  is  in  the  direct  path  of  the  bearing  is  significant 
contamination  likely.  While  this  configuration  does  occur  when  bearings  are  used  within  the 
optical  detection  device  such  as  a  scanning  mirror,  precision  bearings  that  gimbal  the  optics 
package  are  obviously  on  the  outside  of  the  package  (such  as  the  present  application  of  this 
program.  Brilliant  Eyes)  present  only  a  small  contamination  potential.  Moreover,  bearing 
cartridges  incorporating  (labyrinth)  seals  reduce  contamination  potential.  Typically,  volatilized 
grease  components  would  have  to  be  reflected  twice  from  the  space  atmosphere  to  be  directed 
towards  the  optical  device.  Some  estimates  of  this  reflected  material  are  less  than  0.05%  of 
the  volatilized  component.  In  any  event,  to  assess  the  contamination  potential,  the  location  of 
the  bearings  relative  to  the  detectors  has  to  be  determined  for  the  specific  application. 

Once  the  geometry  is  defined,  the  actual  outgassing  atom  flux  and  composition  from  a  specific 
grease  can  be  converted  into  probable  thickness  on  a  detector  and  IR  abso^tion  of  that 
deposit.  Both  thickness  and  wavelength  absorption  affect  attenuation  of  the  incident  light 
and,  hence,  efficiency  of  the  detector.  Moreover,  the  range  of  radiation  that  is  detected  is 
variable  depending  on  the  purpose  of  the  detector.  These  sort  of  considerations  are  best 
examined  by  trade-off.  For  example,  when  choosing  a  lubricant  for  use  near  a  LWIR 
detector,  Rheolube  2000  may  be  less  risk  than  Braycote  600  even  though  Braycote  600  has  an 
order  of  magnitude  lower  outgassing  rate  than  Rheolube  2000.  A  small  quantity  (thickness) 
of  Braycote  600  would  attenuate  more  incident  light  than  a  thick  coating  of  the  Rheolube  2000 
as  a  result  of  absorption.  On  the  other  hand,  Braycote  600  is  extremely  clean  up  to  »  8  |im, 
making  it  quite  suitable  for  SWIR  and  MWIR  sensors. 

IR  detector  ranges  also  effect  the  potential  of  grease  volatiles  attenuating  incident  light. 
Moreover,  narrow  spectral  peaks  may  be  more  of  an  advantage  than  broad  spectral  absorption 
peaks.  For  example,  even  though  the  Rheolube  2000  strongly  absorbs  IR  radiation  at  3.4  |j,m 
wavelength  (within  the  MWIR  detection  range),  a  specific  MWIR  detector  may  only  detect 
radiation  in  the  4  to  5  pm  range  and  therefore  be  unaffected  by  contamination.  This  rather 
intense,  narrow  absorption  of  the  Rheolube  2000  synthetic  hydrocarbon  oil  is  due  to  the 
simplicity  of  the  molecular  structure;  only  the  hydrocarbon  “stretch”  is  evident.  As  long  as  an 
optical  detector  is  not  in  this  range,  this  would  be  an  ideal  lubricant  (from  a  contamination 
point-of-view).  The  broader  ranges  exhibited  by  the  Braycote  600  and  the  Rheolube  952  are 
due  to  the  more  complex  molecular  structure  and  may  be  more  likely  to  overlap  a  detector 
range. 

The  volatiles  from  all  three  greases  absorb  radiation  at  various  spectral  wavelengths  in  the 
Infrared  spectrum  and  optic^  devices  detect  in  all  four  of  the  infared  spectral  ranges.  Once 
the  specific  optical  detectors  are  chosen  and  detection  ranges  established,  contamination 
potential  can  be  assessed. 
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7.9  EXAMINATION  OF  ANGULAR  CONTACT  BEARINGS 


The  procedures  used  in  the  disassembly  and  analysis  of  grease  lubricated  bearings  is 
somewhat  different  than  used  for  the  thin  film  lubricants.  The  bearings  were  visually 
examined  to  assess  the  degree  of  wetness  of  the  residual  lubricant,  color,  etc.  Generally,  the 
blackened  grease  would  accumulate  in  the  retainer  ball  pockets  and  along  the  ball  track  edges. 
A  sample  of  the  blackened  grease  was  removed  from  each  of  the  bearings  and  analyzed  by  X- 
ray  microanalysis.  The  balls  from  the  bearings  were  washed  with  solvent  to  remove  the 
grease/debris  which  was  subsequently  removed  from  the  solution  by  filtering  through  a  0.5 
|im  silver  filter.  Both  the  filtered  material  and  the  resulting  solution  were  retained  for  further 
analysis  if  necessary. 

The  inner  races  were  soaked  in  solvent  for  a  few  minutes  for  a  number  of  cycles  and  dried. 
This  procedure  was  undertaken  to  remove  the  oil  component  of  the  lubricant  with  minimal 
disruption  of  the  deposits  that  may  be  adhering  to  the  inner  race  track.  The  inner  races  were 
then  examined  in  a  scanning  electron  microscope.  On  both  inner  races,  the  ball  track  was  well 
delineated  by  grease  thickener  deposits  on  either  side  of  the  track.  These  thickener  deposits 
form  as  the  balls  roll  along  the  track  and  thickener  is  pushed  out  of  the  contact  zone. 

The  inner  races  were  then  ultrasonically  cleaned  in  solvent  and  examined  a  second  time  in  the 
SEM  to  assess  the  degree  of  wear.  The  width  of  the  wear  track  was  delineated  by  location 
where  the  grinding  or  machining  scratches  ended.  These  ball  track  widths  for  top  and  bottom 
bearings  are  summarized  in  Table  7-12. 


Table  7-12 


Post 

Lubricant 

Balls 

Cycles 

^millions) 

4.1a 

PFPE 

Uncoated 

34 

tar 

0.030  /  0.031 

4.4a 

PFPE+AW 

Uncoated 

37 

tar 

0.029  /  0.029 

4.2b 

PFPE 

TiN  coated 

18 

tar 

0.029  /  0.033 

1.3 

PFPE 

TiN  coated 

1* 

dry 

0.066  /  0.068 

1.6 

PFPE 

Si3N4 

4* 

dry  tar 

0.038  /  0.037 

1.12 

Clean+PFPE 

Uncoated 

8* 

dry  tar 

0.039  /  0.040 

4.2a 

MAC 

Uncoated 

17* 

gel 

0.032  /  0.031 

4.5a 

MAC 

Uncoated 

17* 

gel 

0.050  /  0.042 

4.9a 

PAO 

Uncoated 

40 

gel 

0.029  /  0.028 

4.8a 

NPE 

Uncoated 

40 

gel 

0.028  /  0.028 

*  indicates  test  discontinued  due  to  high  torque  failure 


PFPE:  perfluoropolyalkylether  (Castrol  Braycote  600) 

PFPE+AW:  experimental  antiwear  additive  added  to  perfluoropolyalkylether 
Clean+PFPE:  races  extensively  cleaned  prior  to  lubrication  (see  text) 

MAC:  multiply-alkylated  cyclopentane  (Nye  Rheolube  20(X)) 

PAO:  poly-alpha-olefm  (Nye  181B  +  Cab-o-sil  thickener) 

_ NPE:  neopentyl  ester  (Nye  952) _ 


The  width  of  the  ball  track  provides  a  quantitative  assessment  of  wear,  similar  to  the  wear 
assessment  of  the  thin  film  bearings  described  in  Section  7.4.  Excessive  track  wear  (>  0.3 1 
inch  width)  was  exhibited  by  PFPE  lubricated  bearings  with  Si3N4  balls  and  one  of  bearings 
with  TiN-coated  balls  as  well  as  a  PFPE  bearing  that  was  extensively  cleaned.  The  lubricant 


-210- 


was  dry  in  these  bearings.  One  of  the  MAC-lubricated  bearings  also  had  significantly  wider 
wear  tracks  as  well.  The  remaining  (nonfailed)  bearings  had  similar,  small  ball  track  widths. 
Preload  tolerances  and  ball  width  measurement  accuracy  probably  accounts  for  errors  up  to  ± 
0.002  inches.  Even  though  the  lubricant  in  the  nonfailed  PFPE  lubricated  bearings  was  tar¬ 
like,  the  amount  of  track  wear  was  not  significantly  different  than  the  NPE  or  PAO  lubricated 
bearings.  Note  that  some  of  the  bearings  were  tested  for  a  low  number  of  cycles  but  did  not 
fail  from  high  torque.  These  bearings  were  not  tested  as  long  because  only  a  limited  number 
of  test  posts  were  available  and  higher  priority  was  given  to  the  thin  film  bearings. 

Long  lived  Bravcote  60Q  Lubricated  Bearings  .... 

Braycote  600-lubricated  bearings  with  uncoated  balls  or  antiwear  (AW)  additive  in  the 
lubricant  had  long  lives  and  appeared  similar  when  disassembled.  One  of  the  bearings  with 
TiN-coating  was  also  similar  in  appearance  to  the  bearings  with  uncoated  balls  but  was  not 
tested  as  long. 

Visual  examination  of  the  PFPE-lubricated  bearings  generally  indicated  they  were  only 
slightly  wet  with  lubricant.  The  balls  were  typically  gray  as  opposed  to  shiny  when  new. 
Blackened  grease  with  a  tar-like  consistency  was  detect^  in  the  retainer  ball  pockets  and 
along  the  race  ball  tracks  of  both  bearings  (Fig,  7-46a).  The  retainer  ball  pockets  did  not 
exhibit  appreciable  wear.  Tar-like  grease  particles  were  found  on  practically  ail  of  the  bearing 
inner  race  (Fig.  7-46b).  Elemental  analysis  of  this  blackened  grease  indicated  mostly  fluorine 
present  with  lessor  amounts  of  iron,  oxygen,  and  carbon  also  found.  White,  unused  grease 
could  be  occasionally  found  in  the  ball  pockets  and  on  the  barrel  of  the  inner  race.  This  white 
grease  appeared  somewhat  dry,  periiaps  depleted  in  the  oil  phase. 

After  the  light  rinse  with  Freon  solvent,  the  inner  races  frequently  had  blocky,  thin  film 
deposits  in  the  center  of  the  ball  track  (Fig.  7-47a).  When  examined  at  higher  magnification, 
the  deposits  appeared  to  be  a  "broken-up"  thin  film  (Fig.  7-47b).  Compositional  analysis  of 
the  deposits  indicated  considerable  fluorine  present,  suggesting  they  were  the  thickener 
component  of  the  grease.  The  film  deposits  appeared  to  be  less  than  a  micrometer  thick  when 
examined  at  high  ^t . 

After  ultrasonic  cleaning  in  Freon,  subsequent  SEM  examination  revealed  lightly  discolored 
regions  adjacent  the  ball  track  (Fig,  7-48a).  While  grinding  scratches  are  visible  through 
these  lightly  discolored  regions  adjacent  the  ball  track,  the  discolored  regions  about  0.5  mm 
beyond  the  ball  track  edge  concealed  scratches.  At  high  tilt,  these  discolored  regions  appe^ 
to  be  a  well  adhered  deposit  (Fig.  7-48b).  Only  iron  and  oxygen  were  detected  in  this 
region.  (Note  in  x-ray  microanalysis  high  levels  of  iron  obscures  small  of  amounts  of  fluorine 
that  may  be  present.) 

Analysis  of  the  inner  races  by  X-ray  Photoelectron  Spectroscopy  indicated  substantial 
quantities  (~35%)  of  fluorine  present  in  and  adjacent  to  the  wear  track.  While  only  about  15% 
of  the  fluorine  was  initially  found  to  be  ionically  bonded  (the  remaining  proportion  of  the 
fluorine  was  covalently  bonded),  argon  etching  to  remove  residual  fluorocarbon  lubricant  on 
the  surface  shifted  the  ratio  of  ionic  to  covalently  bonded  fluorine  from  about  1/6  to  5/1.  The 
greatest  amount  of  ionic  fluorine  was  found  in  the  wear  track  (about  20%).  A  lessor  amount 
was  found  adjacent  the  track  (11%),  and  only  a  few  (3)  percent  was  in  the  corrosion  free 
regions  on  the  inner  race  barrel.  In  addition  to  the  fluorine,  carbon,  oxygen,  iron  and 
chromium  were  detected  all  these  areas.  A  high  resolution  scan  of  the  iron  peak  indicated  iron 
oxide,  hydroxides,  and  FeF2  may  be  present,  however,  no  evidence  of  FeF3  was  detected. 


-211- 


Shoulder 


Ball  Track 


Blackened,  tar-like  lubricant  deposits  were  found  in  the 
retainer  ball  pocket  (a)  and  on  the  inner  race  barrel  of  the 
Braycote  600  lubricated  bearings  after  34M  gimbal  cycles 


Topography  (b)  Composition  250X 

Fig.  7-47  Braycote  600  lubricated  bearings  had  thin  films  of  primarily 
Teflon  thickener  in  the  ball  track  (a).  Close-up  shows 
blocky  appearance  of  the  films  (b). 
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(b)  2,500X 

Fig.  7-48  Corrosion  products  were  located  along  the  edges  of  the  inner 
race  ball  track  in  Braycote  600  lubricated  bearings  (a). 
Close-up  shows  corrosion  morphology  (b). 
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Two  sets  of  bearings  had  0.5  [un  TiN  sputter-coated  balls  with  Braycote  ^  grease.  One 
set  failed  relatively  soon  after  testing  was  initiated,  the  other  set  performed  similar  to  or  better 
than  bearings  with  Braycote  grease  and  uncoated  balls. 


The  failed  bearings  were  dry.  Dry  black  powder  covered  the  bearing  components.  The 
retainer  ball  pockets  were  heavily  worn  (Fig.  7-49).  None  of  the  other  grease-lubricated 
bearings  exhibited  this  high  level  of  wear.  No  white,  unused  grease  was  detected.  Elemental 
analysis  of  the  powder  revealed  mostly  iron,  carbon,  oxygen  and  small  quantities  of  titanium. 
Additional  x-ray  analysis  indicated  the  source  of  the  molybdenum  and/or  sulfur  is  the  Vespel 
retainer. 


Examination  of  the  balls  revealed  a  rough  surface  morpholo^  and  a  mottled  compositional 
image.  The  light  contrasting  regions  in  the  compositional  image  were  devoid  of  tit^ium 
which  indicates  the  original  0.5  mm  coating  "wore  off."  Intact  titanium  was  detected  in  the 
dark  contrasting  regions.  Iron,  chromium,  and  molybdenum/sulfur  were  also  detected  in 
both  light  and  dark  contrasting  areas.  The  high  chromium  content  indicated  the  balls  were 
made  from  440C  steel. 


The  loss  of  the  thin  film  on  the  balls  is  associated  with  the  high  torque  exhibited  by  the 
bearings  incorporating  the  TiN  coatings.  The  TiN  then  functions  as  a  grinding  media  which 
ground  a  wide  wear  track  on  the  race  and  heavily  abraded  the  retainer  ball  pockets.  The 
lubricant  became  loaded  with  a  large  quantity  of  iron  and  retainer  debris  as  evidenced  by  the 
high  iron  and  organic  composition. 


Fig.  7-49  One  of  the  bearings  with  TiN  coated  balls  and  Braycote  600 
lubrication  exhibited  heavy  wear  of  the  retainer  pocket. 


-215- 


Short  Lived  Bearings; _ Si3N4  Mils 

Cause  of  the  high  torque  in  the  bearings  with  the  substituted  Si3N4  balls  is  not  entirely  clear. 
The  blackened  grease  in  the  ball  pockets  of  the  retainers  from  bearings  with  SisNq  balls  was 
dryer  than  the  long  lived  bearings  with  steel  balls.  The  bearings  had  evidence  of  more 
extensive  corrosion  along  the  b^l  track  than  was  observed  on  Braycote  600-lubricated 
bearings  with  steel  balls,  but  no  evidence  of  "thin  film"  debris  deposits  in  the  ball  track  as 
observed  in  the  other  Braycote  600  lubricated  bearings.  The  amount  of  ionic  fluorine  present 
in  the  ball  track  was  also  about  the  same  for  the  Si3N4  bearings  as  steel  ball  bearings. 

The  high  stresses  that  are  generated  in  bearings  with  Si3N4  balls  (modulus  effects)  may 
simply  have  consumed  the  oil  in  the  grease  a  higher  rate.  The  gradual  increase  in  torque  this 
bearing  exhibited  over  time  is  consistent  with  a  gradual  consumption  of  lubricant.  Friction 
(hence,  torque)  increases  may  simply  be  a  reflection  of  the  lubricant  loss.  Note  the  amount  of 
wear  exhibited  by  the  bearing  pair  was  large  considering  the  ball  tracks  were  initially  narrower 
than  steel  balls  (modulus  effect). 

Short  lived  Bearings;  Extensive  Cleaning  (TCP) 

One  bearing  set  was  subject  to  cleaning  and  tricresyl  phosphate  (TCP)  treatment  using 
procedures  developed  by  Charles  Stark  Draper  Laboratory  (GA-300  and  GA-564).  The 
rather  elaborate  cleaning  procedure  involved  ultrasonic  cleaning  the  bearing  in  successive 
solutions  of  toluene,  trifluorotrichloroethane,  methanol  and  acetone-methanol  mixtures  with 
intermediate  vacuum  drying  steps.  The  bearings  were  then  soaked  in  TCP  at  225  °F  for  14 
days;  however,  subsequent  analysis  of  the  bearing  surfaces  (after  testing)  did  not  indicate 
phosphorous  present.  A  review  of  the  procedure  indicates  the  oven  used  in  the  soaking  was 
probably  not  set  at  the  proper  temperature. 

The  high  torque  and  corrosion  exhibited  by  the  bearings  examined  in  this  report  do  not  appear 
to  be  associated  with  TCP.  The  lack  of  TCP  on  even  the  unworn  regions  of  the  inner  race 
clearly  indicates  the  TCP  pretreatment  of  these  bearings  was  unsuccessful.  One  of  the 
bearings  had  rather  thick,  discontinuous  deposits  in  the  ball  track  combined  with  detectable 
wear  of  the  retainer  pocket  (Fig  7-50).  This  suggests  the  lubricant  was  consumed  at  an 
excessive  rate  and  eventually,  the  retainer  was  transferred  to  the  ball  track.  Indeed,  XPS 
analysis  of  the  discontinuous  track  deposits  revealed  nitrogen  from  the  polyimide  retainer 
material.  As  observed  in  the  dry  film  bearings  with  polyimide  (Vespel)  retainers ,  high  torque 
and  track  wear  were  associated  with  these  retainers. 

X-ray  diffraction  indicated  FeF3  was  present  in  the  tar-like  lubricant.  Blackened  grease  from 
the  retainer  pockets  was  collected  and  analyzed  by  X-ray  diffraction.  Spectra  from  this 
bearing  grease  was  compared  to  new,  unused  grease.  While  the  diffraction  peaks  were  barely 
above  background,  the  grease  deposit  indicate  a  cubic  form  of  FeF3  was  present  in  some  of 
the  bearing  greases  (Fig.  7-51). 

The  high  torque  and  corrosion  exhibited  by  the  bearing  that  did  not  have  TCP  properly 
applied  is  probably  due  to  the  extensive  cleaning  this  bearing  received.  Ordinarily,  bearings 
to  be  lubricated  with  Bray  grease  are  ultrasonically  cleaned  in  Freon  TF,  then  grease-plated 
with  a  Freon-Bray  mixture  and  dried.  Perhaps  the  additional  cleaning  steps  with  toluene, 
methanol,  and  acetone  removed  a  protective  contaminant.  Contamination  of  PFPE  oils  with 
only  a  few  per  cent  of  formulated  hydrocarbon  lubricant  is  thought  to  increase  bearing  life  [7- 
12].  Generation  of  the  Lewis  acid,  FeF3,  was  thought  to  contribute  to  the  breakdown  of  the 
PFPE  lubricants:  the  detection  of  FeF3  adds  credence  to  this  degradation  mechanism. 
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(b)  250X 

Fig.  7-50  Wear  of  the  ball  pocket  (arrow,  a)  caused  high  torque  in  the 
extensively  cleaned,  Braycote  600  lubricated  bearing  by 
depositing  polyimide  debris  on  the  inner  race  ball  track  (b). 
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Fig.  7-51  When  compared  with  unused  grease  (a)  the  three  additional  peaks  in 
the  X-ray  diffraction  spectra  of  the  grease  from  the  Braycote  600 
lubricated  bearings  indicated  FeF3  was  present. 
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Short  Lived  Rheolube  2000  Lubricated  Bearings 

Visual  examination  indicated  the  bearings  were  relatively  wet  with  lubricant.  Darkened  grease 
of  a  gelatinous  consistency  was  found  in  the  ball  pockets  and  along  the  ball  track  on  the  inner 
race  (Fig.  7-52).  The  retainer  ball  pockets  were  not  worn.  White,  unused  grease  was 
frequently  detected  on  the  inner  race  barrel  and  in  the  ball  j^kets.  Elemental  analysis  of  the 
darkened  grease  revealed  mostly  carbon  with  small  quantities  of  iron,  sodium,  oxygen  and 
lead.  Note  sodium  and  lead  are  grease  constituents,  while  iron  debris  is  generated  as  a  result 
of  (adhesive)  wear. 

As  with  the  Braycote-lubricated  bearings,  the  bearings  were  soaked  in  hexane  to  remove  the 
oil  component  of  the  lubricant  with  minimal  disruption  of  the  deposits  adhering  to  the  inner 
race  track.  The  inner  races  were  then  examined  in  the  SEM.  A  dark  band  delineated  the  ball 
track  on  the  inner  race  in  the  backscattered  electron  (compositional)  image  (Fig.  7-53a). 
While  residual  grease  thickener  on  the  races  typically  had  a  thin,  web-like  appearance  which 
results  from  a  receding  solvent  meniscus,  some  blocky  thickener  particles  were  also  observed 
on  both  races.  At  high  tilt,  the  track  deposit  appears  to  be  rather  thick  and  somewhat  lumpy 
in  texture  (Fig.  7-53b). 

XPS  analysis  of  the  deposit  in  the  track  showed  a  few  percent  of  lead  present  combined  with 
large  amounts  of  oxygen  and  iron.  High  resolution  scans  of  the  lead  revealed  it  was  in  oxide 
rather  than  metallic  form.  An  etch  profile  of  the  ball  track  indicates  the  carbonaceous  lead 
layer  is  about  5  nm  thick.  This  is  in  contrast  to  the  SEM  images  of  the  deposit  which 
suggests  the  deposit  is  over  at  least  100  nm  thick.  Perhaps  a  surface  analysis  with  high 
spatial  resolution,  such  as  Auger  electron  spectroscopy,  would  reveal  a  distribution  of  the 
lead  in  the  ball  track. 

Examination  of  the  117-sized  bearings  showed  similar  results  to  the  smaller  105-sized 
bearings;  lead  deposits  were  located  the  ball  tracks. 

Long-lived  Synthetic  Lubricants;  NPE  and  PAO 

Bearings  with  NPE  and  PAO  greases  were  very  wet  with  lubricant  and  the  balls  were  still 
shiny  as  if  new.  Some  blackened,  gelatinous  lubricant  was  detected  in  the  ball  pockets  (Fig. 
7-54a).  The  inner  races  were  covered  with  white  gelatinous  grease  (Fig.  7-54b).  SEM 
examination  of  the  inner  races  showed  extremely  thin  surface  deposits.  As  observed  in  Table 
7-12,  bearings  with  these  synthetic  lubricants  had  the  narrowest  ball  wear  tracks  suggesting 
little  wear. 
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(a) 


15X 


(b)  6X 

Fig.  1-52  Blackened,  gelatinous  lubricant  deposits  were  found  in  the 

retainer  ball  pocket  (a),  however,  the  inner  race  barrel  of  the 
Rheolube  2000  lubricated  bearings  was  relatively  clean  (b). 
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Topography  (a)  Composition  SOX 


(b)  2,500X 

Fig.  7-53  Ball  track  on  the  inner  race  of  the  Rheolube  2000  lubricated 
bearing  had  dark  deposit  in  the  compositional  image  (a). 
High  tilt  view  shows  deposit  at  the  ball  track  edge  (b). 
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(b) 


6X 


Fig.  7-54  Retainer  ball  pocket  from  the  neopentyl  ester  bearing  had 
only  a  small  amount  of  blackened,  gelatinous  lubricant  (a). 
Inner  races  were  wet  with  lubricant  (b) 
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Effects  of  Ionic  Fluorine: _ CorrffSIftn  . 

All  of  the  105-size  Braycote  600  lubricated  bearings  exhibited  some  corrosion  products  in  and 
along  the  ball  tracks.  The  location  and  composition  of  the  deposits  on  the  inner  race  ball 
track,  according  to  ball  spacing  intervals,  suggest  it  resulted  from  corrosion  that  occun-ed 
during  interuption  of  testing  or  after  the  life  testing  was  completed  but  before  the  bearings 
were  examined.  Perpendicular  "strips"  without  corrosive  deposits  were  noticed  at  locations 
where  the  balls  covered  the  inner  race  when  the  bearing  test  was  stopped.  The  AISI 52100 
steel  used  in  these  bearings  are  notoriously  susceptible  to  corrision.  The  large  amounts  of 
ionic  fluorine  detected  by  XPS  clearly  contributed  to  this  corrosion.  However,  for  this 
corrosion  process  to  sustain,  the  presence  of  moisture  is  required  from  laboratory  air  and  thus 
inhibited  by  the  vacuum  provided  during  the  test. 

Because  of  this  corrosion,  the  life  of  the  PFPE  bearings  (post  #4, la)  was  adversely  affected 
by  a  26  month  pause  in  testing  when  the  bearings  were  stored  due  to  test  rig  unavailability. 
As  shown  in  Fig.  5-49a,  the  torque  of  these  bearings  began  to  increase  immediately  after 
being  put  back  on  test  at  20  million  cycles.  Despite  being  stored  with  desiccant,  corrosion 
apparently  took  place  causing  additional  lubricant  deterioration.  Therefore,  caution  should  be 
exercised  when  storing  Braycote  600  lubricated  flight  bearings  that  have  received  extensive 
ground  testing  in  a  laboratory  environment  prior  to  flight. 

Effects  of  Ionic  Fluorine:  Lubricant  Breakdown 

Research  on  performance  of  PFPE  lubricants  has  shown  that  the  Lewis  acid,  FeF3^  can  be 
generated  as  a  result  of  tribological  breakdown  of  the  lubricant  [7-13].  This  compound  has 
been  identified  in  the  blackened  grease  of  some  of  the  PFPE-lubricated  bearings  by  X-ray 
diffraction.  Ionic  fluorine  generated  by  tribological  severing  of  the  fluorine  atom  from  PFPE 
molecule  would  be  expected  to  combine  with  the  metallic  iron  generated  from  wear  (in  the 
absence  of  oxygen  or  moisture). 

However,  except  for  a  few  instances,  the  Braycote  lubricated  bearings  generally  exhibited 
long  life.  Some  protection  results  from  the  "partial"  cleaning  of  the  metal  surfaces  before 
lubrication;  Freon  apparently  does  not  affect  surface  preservatives  such  as  esters, 
phosphates,  etc.  in  the  oil  applied  to  the  bearing  for  shipping.  This  hypothesis  was  indirectly 
supported  by  the  fact  that  bearings  well  cleaned  in  preparation  for  TCP  application  exhibited 
poor  torque  performance. 

The  rates  of  lubricant  degradation  and  generation  of  ionic  fluorine  probably  affect  bearing  life. 
Recent  literature  suggests  that  the  reaction  rate  of  FeF3  with  the  PFPE  lubricants  may  be 
relatively  slow  and  require  a  tribocatalytic  (rubbing)  effect  for  the  reaction  to  occur  at  all  [7- 
14].  This  result  may  explain  why  the  higher  stresses  associated  with  Si3N4  bearings  may 
have  resulted  in  a  faster  lubricant  breakdown.  Lx>w  stresses  associated  with  metal  balls  may 
have  generated  less  FeF3  and  thus,  a  very  low  rate  of  lubricant  degradation.  Consequently, 
the  bearings  with  original  metal  balls  provided  low  torque  for  over  35  million  cycles. 

Ball  Track  Deposits:  Mechanism  of  High.  Intermittent  Bearin2  Torque 

The  blocky,  thin  film  of  grease  thickener  on  the  ball  tracks  of  even  the  long  lived  Braycote- 
lubricated  bearings  may  be  the  source  of  the  torque  increase  observed  in  those  bearings. 
Teflon  thickener  films  formed  in  bearings  that  were  tested  at  very  slow  speeds  have  been 
shown  to  increase  bearing  torque  in  excess  of  three  times  the  running  torque.  The  thickener 
films  observed  in  the  105-sized  bearings  may  be  similarly  responsible  for  the  intermittent 
torque  increases  even  at  relatively  high  bearing  speeds.  Loss  and  consumption  of  the  oil  in 
the  grease  will  decrease  the  oil  to  thickener  ratio  and  may  make  the  grease  more  susceptible  to 
film  formation.  Bearings  with  the  thin  films  were  observed  to  be  only  slightly  wet  with  oil. 


-223- 


Moreover,  incorporation  of  iron  wear  products  in  the  grease  will  also  cause  thickening  to  an 
even  greater  extent.  This  thickening,  in  turn,  is  likely  to  increase  the  film  formation 
susceptibility. 

Deposits  in  the  ball  track  are  also  the  likely  reason  for  the  high  running  torque  of  the  MAC- 
lubricated  bearings.  The  carbonaceous  lead  deposits  in  the  inner  race  ball  tracks  appear  to  be 
sufficiently  thick  (at  least  a  micrometer)  to  increase  bearing  torque.  Other  investigators  [7- 
15]  have  reported  that  the  lead  naphthanate  anti  wear  additive  will  form  thick  deposits  in  the 
ball  wear  track  under  high  stress  and  elevated  temperature  conditions.  The  deposit  no  doubt 
forms  from  the  reductio^decomposition  of  the  lead  naphthanate  antiwear  additive.  Although 
this  reduction/  decomposition  of  the  lead  naphthanate  is  the  reason  for  its  addition  (which 
minimizes  bearing  wear),  a  high  rate  of  reduction/decomposition  will  cause  deposit  build-up 
and  increase  bearing  torque.  Deposits  in  the  ball  track  will  increase  the  bearing  torque  by 
effectively  increasing  bearing  preloads.  Loss,  consumption  and  thickening  of  the  grease  may 
also  contribute  to  the  thickness  of  the  deposit  in  the  ball  track. 

Another  source  of  intermittent  high  torque  in  MAC  lubricated  bearings  may  be  due  to  an 
agglomeration  of  the  grease  thickener.  Blocky  structures  observed  on  inner  race  ball  tracks 
may  be  agglomerated  thickener.  These  structures  could  in  turn  become  caught  in  the  ball  track 
and  increase  bearing  torque.  It  is  not  clear  how  the  blocky  structures  would  form  although 
the  excess  aliphatic  amine  (dimethyl  phthalamate)  in  the  grease  (detected  during  outgassing 
tests)  may  play  a  catalytic  role.  Note  that  the  sodium  octadecylterephthalanate  is  a  rather 
uncommon  grease  thickener  in  the  aerospace  industry  and  there  is  little  experience  with  failure 
mechanisms  involving  this  grease  thickener. 

Bearing  Torque 

Increases  in  torque  during  the  life  of  a  grease  lubricated  bearing  appears  to  have  two  primary 
causes:  1)  material  debris  in  the  ball/track  interface  and  2)  friction  at  the  ball  /retainer  and 
ball/race  interface(s).  The  material  debris  is  generally  an  agglomerated  mixture  of  wear 
products  from  the  races,  balls  and  retainer,  and  lubricant  sources  such  as  thickeners, 
additives,  and  deteriorated  lubricant.  Corrosion  products  can  also  contribute.  This  material 
debris  physically  increases  the  distance  between  ball  and  race,  and  perhaps  increases  rolling 
resistance  as  well,  both  of  which  in  turn  increases  the  preload  and  concomitant  torque.  The 
torque  effects  of  this  debris  would  also  account  for  the  spikes  in  torque  sometimes  observed 
in  the  bearings  during  cycling. 

Friction  in  the  sliding  regions  in  the  ball/race  contact  zone  and  between  the  retainer  and  balls 
also  contributes  to  the  torque.  The  torque  from  this  "sliding"  friction  can  not  be  entirely 
separated  from  the  material  debris,  although  it  probably  can  be  estimated  on  a  completely  dry 
bearing.  High  torque  in  the  bearing  with  Si3N4  balls  seems  to  have  been  the  result  of  this 
sliding  friction  because  it  appeared  dry. 


7.10  KEY  FINDINGS: 


Thrust  Bearings  (7.1)  The  ball  wear  tracks  on  all  bearing  races  exhibited  similar  wear 
patterns  with  the  greatest  wear  in  the  track  center.  Salox™  retainer  wear  was  much  less  than 
Vespel™  wear.  Deposited  film  thicknesses  on  the  races  varied  between  60  to  200  %  of 
requested.  Wear  patterns  and  ball  movement  indicate  misalignment  of  the  bearings  can 
occur.  Poor  surface  finish  and  bearing  geometry  resulted  in  short  lives  of  the  thrust  bearing 
thin  films. 

Hohman  Deposition  Process  Support  (7.2)  Varying  the  deposition  cment  changed 
the  density,  texture,  morphology  and  composition  of  the  thin  film.  Alternating  current  was 
identified  as  providing  optimal  films.  Correlation  between  part  composition,  configuration 
and  location  in  the  deposition  chamber  and  resulting  film  thickness  were  demonstrated. 

Thin  Film  Characterization  (7.3)  Witness  plates  that  accompanied  the  small  angular 
contact  bearings  were  characterized  by  X-ray  diffraction.  X-ray  photoelectron  spectroscopy, 
and  morphology.  The  thickness  and  fracture  toughness  of  the  thin  film  was  evaluated  on  the 
bearing  race  shoulders. 

Examination  of  the  Screening  Angular  Contact  Bearings  (7.4)  Reasons  why 
bearings  exhibited  short  life  with  MoS2-coated  or  Si3N4  balls,  or  polyimide  (Vespel™) 
retainers  were  identified.  The  poor  quality  of  thin  films  deposited  on  balls  caused  excessive 
debris  and  increased  bearing  preload.  Inadequate  transfer  of  retainer  film  to  Si3N4  balls 
combined  with  high  hardness  and  stress  resulted  in  high  race  wear.  Bearings  with  polyimide 
retainers  generated  excessive  debris  which  caused  high  wear. 

All  bearings  with  polytetrafluoroethylene-based  (Salox  and  Duroid)  retainers  had  long  lives 
irrespective  of  type  of  thin  films.  Approximately  1.0  micrometer  thick,  discontinuous 
retainer  transfer  films  found  in  the  ball  tracks  appeared  to  be  the  primary  bearing  lubrication. 
Although  residual  M0S2  was  found  in  the  ball  track  center,  virtually  no  film  was  found  at  the 
ball  track  edges. 

Ovonics  Process  Support:  Fracture  Resistant  Film  Development  (7.5) 

The  recognition  of  the  film  fracture  and  conversion  to  a  burnished  film  early  in  the  bearing 
life  initiated  development  of  a  more  fracture  resistant  film.  Increasing  the  gold  interlayer 
thickness  in  the  multilayer  film  was  shown  to  decrease  the  hardness  and  increase  the 
toughness  as  measured  by  indentation  testing  and  also  by  a  unique  rolling  contact  tester. 

Deposition  and  Testing  of  the  Fracture  Resistant  Film  (7.6)  Depositing  the 
fracture  resistant,  multilayer  film  on  large  bearings  required  different  fixturing  than  was  used 
for  the  small  bearings.  The  effect  of  the  fixturing  and  deposition  targets  may  result  in 
different  film  properties.  Lack  of  wimess  plate  capability  is  also  a  concern. 

Large  diameter  bearings  with  the  fracture  resistant  film  show  similar  wear  morphology  to  the 
small  angular  contact  bearings  used  in  the  screening  tests.  Film  loss  at  the  ball  track  edges 
was  consistently  observed.  Toward  the  end  of  bearing  life,  retainer  transfer  films  appear  to 
be  the  primary  lubricant. 

Process  Requirements  for  Thin  Film  Bearings  (7.7) 

Because  the  potential  loss  of  the  film  and  resulting  stiffness  loss,  thin  films  less  than  0.5  |a.m 
thick  are  preferred.  While  the  multilayer  films  developed  by  Ovonics  have  accurate 
thicknesses,  more  detailed  characterization  of  other  film  deposition  systems  would  have  to  be 
established  for  film  thickness  control. 
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Considering  that  film  fracture  is  the  primary  bearing  failure  mechanism,  tests  that  measure 
mechanical  properties  such  as  fracture  toughness,  hardness,  and  rolling  contact  resistance 
appear  to  be  more  important  in  process  control  than  chemistry,  texture  or  morphology. 

Characterization  of  Liquid  Lubricants  (7.8) 

The  outgasing  rates  and  infrared  signatures  of  perfluoropolyalkylether  (PFPE),  multiply- 
alkylated  cyclopentane  (MAC)  and  neopentyl  ester  (NPE)  lubricants  were  determined. 

Examination  of  Liquid  Lubricated  Bearings  (7.9) 

The  PFPE  grease  lubricated  bearings  exhibited  long  life  but  had  blackened  tar-like  lubricant 
in  the  ball  pockets  and  corrosion  of  bearing  steel  from  ionic  fluorine.  The  corrosion 
probably  occurred  after  the  bearing  test  when  moisture  was  absorbed  from  the  ambient  air. 
Despite  the  darkening  and  thickening  of  the  grease,  the  wear  track  width  and  torque 
performance  of  the  PFPE-lubricated  bearings  was  comparable  to  the  long-lived, 
neopentylester  (NPE)  and  polyalphaolefin  (PAO)  lubricated  bearings.  PFPE  lubricated  TiN- 
coated  balls  had  short  lives  when  the  coating  failed.  PFPE  lubricated  bearings  with  Si3N4 
balls  generally  performed  poorly  from  excessive  lubricant  degradation.  Extensive  cleaning 
of  the  bearings  prior  to  application  of  the  lubricant  is  suspected  to  increase  lubricant 
degradation  rate. 

High,  intermittent  bearing  torque  in  MAC  lubricated  bearings  appeared  to  be  associated  with 
deposits  of  wear  products,  degraded  lubricant,  lubricant  thickener  and/or  antiwear  additive  in 
the  ball  track.  Darkened  grease  of  a  gelatinous  consistency  was  found  in  the  ball  pockets  and 
along  the  ball  track. 

Bearings  with  NPE  and  PAO  greases  were  very  wet  with  lubricant  and  the  balls  were  still 
shiny  as  if  new.  The  lubricant  was  gelatinous  in  appearance  and  the  metal  parts  exhibited 
little  evidence  of  wear. 
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Section  8 


GIMBAL/BEARING  SIMULATION  STUDY 

Advanced  bearing  tiibomaterials  may  improve  bearing  life  and/or  decrease  bearing  torque  but 
if  they  don’t  also  improve  gimbal  pointing  performance  their  implementation  in  precision 
spacecraft  gimbal  systems  may  not  be  worthwhile.  At  the  beginning  of  the  T/PGD  program, 
the  only  way  to  evaluate  the  benefit  of  improved  tiibomaterials  for  gimbal  performance  was 
through  expensive  system  level  tests.  The  bearing  test  data  generated  during  this 
investigation  when  coupled  to  LMSC  in-house  gimbal  simulation  provides  a  method  of 
quantifying  the  benefits  of  improved  bearing  tribomaterials. 

The  LMSC  gimbal  simulation  can  model  unrestricted  large  gimbal  motions  that  occur  during 
gimbal  slew  maneuvers,  as  well  as  very  small  micro-positioning  gimbal  motions  that  occur 
during  gimbal  inertial  pointing.  It  includes  the  coupled  two  axis  gimbal  dynamics,  sensor 
payload  and  actuator  models,  and  spacecraft  disturbance  sources  that  occur  in  both  the  small 
and  large  angle  regions.  The  detailed  bearing  sub-model  includes  large  angle  effects  such  as 
torque  ripple  and  runout  as  well  as  small  angle  effects  such  as  the  Dahl  friction  slope.  As  a 
result,  the  gimbal/bearing  simulation  can  be  used  to  investigate  the  effects  of  improved 
bearing  tribomaterials  over  the  entire  spectrum  of  gimbal  operating  conditions. 

The  following  sections  detail  the  T/PGD  simulation  work,  including  the  development  of  the 
bearing  disturbance  model,  the  development  of  the  gimbal  system  simulation,  the  in¬ 
vestigation  of  the  effects  of  bearing  torque  on  gimbal  performance,  and  a  discussion  of 
LMSC  Hybrid  Flexure  Bearing.  In  addition,  the  validation  of  the  gimbal/bearing  simulation 
through  the  incorporation  of  bearing  and  gimbal  test  data  is  discussed. 

Overview  Figure  8-1  presents  an  overview  of  the  LMSC  gimbal  simulation  and  its  key 
elements  and  products.  These  key  elements  consist  of:  1)  gimbal  design,  specifically  the 
dimensions,  mass  properties;  2)  control  system  block  diagram  showing  position  command 
generator;  3)  motor  and  payload  dynamics;  4)  the  gimbal  flexible  body  modes;  5)  the 
bearing  disturbance  model;  and  6)  the  spacecraft  disturbance  torques  (not  shown  in 
diagram).  Also  shown  in  Fig.  8-1  are  typical  gimbal  torque  and  jitter  pr^ictions. 

Early  in  design,  reasonable  jitter  predictions  are  possible  with  rigid  body  modes  utilizing  the 
bearing  disturbance  torque  model.  This  assumes  that  the  flexible  body  structural  modes  are 
well  separated  from  the  control  system  bandwidth.  However,  introducing  the  gimbal  flexible 
modes  are  important  since  they  can  be  excited  by  the  bearing  disturbance  torque.  Ordinarily, 
gimbal  pointing  performance  is  simulated  with  beginning-of-life  bearing  data  since  end-of- 
life  data  is  unavailable.  The  characterization  of  bearing  torque  performance  as  various  points 
through  life,  as  obtained  in  this  investigation,  affords  a  special  opportunity  to  illustrate  how 
the  sensor  performance  is  linked  to  bearing  life. 
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Fig.  8-1  Gimbal  Simulation  Components  and  Products 

Products  of  the  simulation  consist  of:  1)  Optical  jitter;  2)  actuator  torque  levels;  3)  actuator 
power  levels  (not  show  in  the  diagram).  While  we  tend  to  focus  a  lot  of  our  attention  on  the 
optical  jitter  prediction,  other  useful  information  is  available  through  the  simulation.  The 
torque,  power,  and  velocity  predictions  are  used  to  select  or  verify  the  selection  of  the 
actuators  and  sensors. 

8.1  BEARING  DISTURBANCE  MODELING 

The  bearing  disturbance  model  is  made  up  of  a  number  of  sub-models  which  simulate 
specific  bearing  torque  disturbance  phenomena.  These  sub-models  have  been  grouped  into 
three  categories:  the  primary  bearing  model,  the  secondary  bearing  model,  and  the  end-of-life 
bearing  model  (see  Fig.  8-2).  The  primary  bearing  model  contains  the  sub-models  for  Dahl 
friction,  torque  hash  or  ripple,  bearing  runout,  and  viscous  friction.  The  secondary  bearing 
model  contains  the  sub-models  for  the  bearing  structural  stiffness  and  damping  and  the  cable 
wrap  wind-up  torque.  The  primary  and  secondary  bearing  models  represent  the  core 
elements  of  the  bearing  model  and  are  used  to  model  the  behavior  of  flight  quality  bearings. 
The  end-of-life  bearing  model  contains  the  sub-models  for  torque  blocking,  torque  bump, 
and  reversal  torque  phenomenon.  The  end-of-life  model  represents  the  additional  torque 
anomalies  that  may  occur  as  a  bearing  approaches  end-of-life  conditions. 

8.1.1  Primary  Bearing  Model 

Dahl  Friction  The  torque  profile  of  a  bearing  rotating  at  a  constant  velocity  can  be 
described  by  the  sum  of  a  DC  torque  that  opposes  the  bearing  rotation  and  torque  hash  that 
models  the  variations  in  torque  as  the  bearing  rotates.  However,  the  torque  slope  for  a 
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bearing  starting  from  rest  in  a  step-stare  gimbal  or  during  a  velocity  reversal  for  a  scanning 
gimbal  is  very  large.  These  large  torque  slopes  have  a  significant  impact  on  the  ability  of  the 
control  system  to  accurately  point  and  move  the  gimbal.  Adequately  modeling  the  transition 
in  bearing  torque  that  takes  place  during  bearing  "wind-up"  or  during  a  velocity  reversal  is 
crucial  in  assessing  the  impact  of  bearing  performance  on  gimbal  performance. 


Dahl  Friction 


Viscous  Friction 


Torque  Hash 


1  Hunoui  1 

I 

Bearing  Rotation 
and  Velocity 


PRIMARY 

BEARING 

MODEL 


SECONDARY 

BEARING 

MODEL 


Cable 

Wrap 

END-OF-LIFE 

BEARING 

MODEL 


Torque  Blocking 


Bearing  Forces 
and  Torques 


Torqi 

le  Bump 

A 

V 

— 

Stictior 

1  Torque 

d_ 

—U 

Fig.  8-2  Bearing  Disturbance  Simulation 

As  a  bearing  begins  to  rotate,  the  frictional  torque  grows  from  zero  to  some  steady  state  value 
within  a  small  but  finite  rotation.  Upon  reversal  of  rotation,  a  similar  transient  behavior  is 
observed.  If  the  bearing  undergoes  oscillatory  motion,  the  torque-rotation  relation  displays 
hysteretic  looping  where  the  area  between  loading  and  unloading  curves  is  equal  to  the 
energy  lost  in  one  cycle.  Through  experimental  evidence,  Dahl  [8-1]  proposed  a 
mathematical  expression  to  describe  the  torque  change  during  a  velocity  reversal.  Further 
experimental  and  theoretical  work  has  led  to  the  idea  that  the  frictional  torque-rotation  relation 
can  be  defined  with  two  parameters:  the  slope  or  gradient  of  the  torque-rotation  curve  when 
the  direction  of  rotation  is  reversed  and  the  steady-state  torque  value  that  is  asymptotically 
approached  as  the  bearing  rotation  becomes  large  [8-2].  From  experimental  data  it  has  been 
shown  that  the  initial  and  reversal  torque  gradients  are  constant  and  are  determined,  for  the 
most  part,  by  the  torsional  elasticity  of  the  bearing  materials  [8-2,  8-3].  The  steady-state 
torque  value  is  determined  from  the  frictional  conditions  at  the  contact  interface.  Predicted 
Dahl  torque  loops  obeying  these  observations  show  reasonable  correlation  with  experimental 
traces  (see  Fig  8-3  and  8-4). 
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Fig.  8-3  Dahl  Friction  Model 


SIMULATION  OF  DAHL  FRICTION  DAHL  FRICTION  SLOPE  TEST 

DAHL  EXPONENT  =  2,  Ts=6.4,  S*=18000  AMPL/RATE/UP/DN  .4/.0214/5/4 


-0.1  Angle  [degrees]  0.1  '  -0.1  Angle  [degrees]  0.1 


Fig.  8-4  Dahl  Friction:  Simulated  and  Experimental 
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Torque  Hash  During  tracking  or  slewing,  bearing  torque  variations  or  "hash"  can  cause 
appreciable  pointing  or  jitter  errors  due  to  their  magnitude,  unpredictability,  and  frequency 
content.  In  particular,  during  a  constant  velocity  scan,  the  primary  bearing  disturbance 
source  is  from  the  torque  hash.  For  many  spacecrarft  gimbal  applications  the  combination  of 
the  bearing  geometry  and  the  specified  gimbal  slewing  speed  produce  torque  hash 
frequencies  that  are  at  or  very  close  to  the  closed  loop  bandwidth  of  the  control  system  and, 
as  a  result,  are  very  difficult  to  attenuate. 


NCT  FILM+VESPEL  CAGE+MoS2  COATED  BALLS 
1/4  Hz  continuous,  13k  cycles 


Fig.  8-5  Bearing  Critical  Frequencies 


Spectral  analysis  of  the  bearing  torque  vs.  time  data  reveals  the  frequency  dependent 
sinusoidal  nature  of  the  bearing  torque  disturbance.  From  test  data  it  was  observed  that  the 
frequency  content  of  the  torque  hash  is  a  function  of  bearing  geometry,  loading  conditions, 
and  bearing  angular  velocity  [8-4]  (see  Fig.  8-5).  An  LMSC  code,  which  predicts  the 
characteristic  bearing  frequencies  based  on  information  of  the  bearings  internal  geometry 
correlates  very  well  with  experimental  data  (see  Fig.  8-6). 
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CRITICAL  BEARING  DISTURBANCE  FREQUENCIES  [Hz] 
1/4  Hz  continuous,  13k  cycles 
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Fig.  8-6  Predicted  Frequencies  from  LMSC  Code 

Test  data  in  the  form  of  a  Torque  PSD  or  Power  Series  (PS)  is  back  uansformed  into  its 
time  domain  equivalent  amplitude  Ai  and  frequency  fi  components  for  i=l,n  the  number  of 
harmonic  disturbances.  The  time  dependent  sine  functions  operate  at  a  frequencies  which  are 
the  ratio  of  the  instantaneous  shaft  speed  in  the  simulation  to  the  shaft  speed  at  which  the 
spectral  data  was  gathered  at . 

simulation 

/simulation  ^  test  CV j/io/i 

i  =/ . 

In  the  simulation,  the  torque  hash  is  modeled  by  summing  a  sine  series  where  the  frequencies 
are  set  equal  to  the  scaled  values  calculated  above.  A  random  phase  angle  in  included  since 
the  spectral  data  in  the  form  of  a  PSD  or  PS  contains  no  phase  information  between  the 
disturbances. 

T  (t)  =  ^  A, sinilnf-t +  <!>,) 

hash  ^7 

1=1 

The  magnitude  of  the  individual  terms  are  set  according  to  the  spectral  test  data  obtained  from 
flight  quality  bearings.  In  order  to  simulate  the  ball-race  slip  the  amplitude,  frequency,  and 
phase  of  each  torque  hash  sine  term  is  slowly  modulated. 

Angular  Runout  Since  the  races  and  balls  of  a  bearing  are  not  perfectly  round,  the  bearing 
rotation  axis  will  move  as  the  bearing  rotates.  The  movement,  or  runout,  of  the  rotation  axis 
will  have  a  radial  and  angular  component  that  are  determined  by  the  size  and  frequency  of  the 
out-of-roundness  of  the  affected  bearing  elements.  The  runout  can  affect  gimbal  pointing 
and  tracking  ability  and  should  be  considered  when  assessing  gimbal  performance. 

The  runout  model  used  in  the  simulation  is  described  by  an  angular  and  radial  runout 
component.  Forces  and  torques  are  applied  to  the  bearing  races  that  produce  static 
deflections  and  rotations  equal  to  the  radial  and  angular  runout  errors  of  the  unloaded 
bearing.  The  frequency  and  direction  of  the  applied  forces  and  torques  are  functions  of  the 
bearing  angular  velocity  and  position. 
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Viscous  Friction  Friction  torque  from  viscous  drag  of  liquid  lubricated  bearings 
contributes  significantly  to  bearing  torque  at  high  bearing  angular  velocities.  The  viscous 
torque  contribution  at  low  angular  velocities  or  for  solid  lubricated  bearings  is  generally 
small,  but  has  been  included  within  the  bearing  model  of  the  simulation  for  completeness. 

8.1.2  Secondary  Bearing  Model 

Structural  Stiffness  and  Damning  In  most  two-axis  gimbal  simulations,  the  structural 
stiffness  and  damping  of  the  bearings  are  not  considered.  This  is  done  to  reduce  the  overall 
computational  effort  at  the  expense  of  also  reducing  simulation  fidelity.  A  complete  study  of 
the  bearings  impact  on  gimbal  performance  must  include  the  stiffness  and  damping  of  the 
bearings  to  model  the  dynamic  coupling  of  the  two  axis  gimbal.  In  addition,  because  bearing 
stiffness  is  a  crucial  design  issue,  its  impact  on  gimbal  performance  must  be  assessed. 

The  stiffness  and  damping  of  the  bearings  are  modeled  as  springs  and  dash  pots  in  parallel. 
The  stiffness  of  the  bearings  is  a  function  of  the  bearing  geometry  and  preload.  Viscous 
damping  internal  to  the  bearing  structural  elements  is  assumed  constant.  The  coupling 
between  degrees  of  freedom  is  assumed  to  be  negligible.  As  a  result,  the  matrices  that 
contain  the  stiffness  and  damping  of  the  bearings  have  no  coupling  terms  and,  thus,  are 
diagonal.  Both  the  stiffness  and  damping  matrices  are  defined  with  respect  to  the  basis  that 
is  fixed  in  the  outer  race  of  each  bearing.  The  relative  inner-outer  bearing  race  rotations  are 
assumed  to  be  small  in  the  sense  that  higher  order  terms  introduced  from  geometric  or 
constitutive  nonlinearities  are  insignificant  in  comparison  to  the  leading  order  terms.  This 
assumption  is  made  so  that  the  final  relative  inner-outer  race  rotation  will  be  invariant  with 
respect  to  the  gimbal  rotation  sequence.  This  assumption  is  used  only  with  respect  to  the 
deformation  of  the  bearings  and  is  not  assumed  in  any  other  part  of  the  simulation.  The 
elements  of  the  stiffness  and  damping  matrices  that  correspond  to  rotation  about  the  bearing 
rotation  axis  are  set  equal  to  zero.  Any  torques  produced  about  the  rotation  axis  are  assumed 
to  be  functions  of  variables  external  to  the  tarings'  structure  and  are  modeled  elsewhere. 

Cable  Wrap  Wind-Uo  The  effects  of  cable  wrap  wind-up,  if  present,  have  also  been 
included  in  the  bearing  model  section  of  the  simulation.  The  torque  about  the  bearing  spin 
axis,  produced  as  a  result  of  cable  wind-up,  can  be  the  largest  DC  torque  contributor  within 
the  bearing  model.  However,  the  relatively  slow  rotation  rates  of  spacecraft  gimbals 
generally  cause  a  slow  rate  of  change  in  cable  wrap  torque.  This  slow  increase  in  torque  is 
easily  compensated  for  by  an  integral  gain  within  the  servo-control  system. 

Within  the  simulation,  the  cable  wrap  wind-up  torque  is  described  by  a  curve  fit  to 
experimental  data  [8-5].  Similar  to  Dahl  friction,  the  cable  wrap  wind-up  torque  has  a 
hysteretic  component  which  is  modeled  in  a  similar  way  to  Dahl  fnction  (see  Fig.  8-7). 
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Fig.  8-7  Cable  Wrap  Torque  Model 


8.1.3  End-of-Life  Bearing  Model 

Most  pointing  simulations  consider  the  characteristics  of  undegiaded  components.  Bearing 
data  generated  under  the  T/PGD  program  provided  an  opportunity  to  evaluate  End-Of-Life 
pointing  performance.  This  intr^uces  the  need  for  other  bearing  sub  models  to  describe 
their  anomalous  behavior. 

Turnaround  Toruue  Turnaround  torque,  sometimes  called  stiction,  describes  the  app^ent 
increase  in  the  coulomb  friction  force  when  two  adjacent  surfaces  exhibit  a  "sticking" 
behavior  [8-6  -  8-8].  Large  stiction  values  would  not  be  expected  for  well  lubricated 
bearings  at  beginning-of-life.  However,  after  a  large  number  of  rate  reversals,  there  is  the 
potential  for  lubricant  degradation  which  could  give  rise  to  locally  higher  friction  and/or  wear 
debris.  In  addition,  unexpected  torque  variations  such  as  cage  friction  or  wear  could  also 
give  rise  to  stiction  events.  Thus,  stiction  may  correspond  to  end-of-life  conditions  and  may 
have  a  significant  effect  on  gimbal  performance. 

A  common  model  of  stiction  assumes  that  adjacent  surfaces  will  become  "stuck"  when  the 
relative  velocity  between  the  sliding  surfaces  drops  below  a  predetermined  level  [8-9].  When 
stiction  is  initiated,  the  frictional  forces  between  the  two  sliding  surfaces  jumps  to  the  static 
friction  level  which  is  higher  than  the  running  friction  level.  This  commonly  used  model  is 
deficient  in  two  ways. 

First ,  the  assumption  that  stiction  will  occur  when  the  relative  sliding  velocity  between  two 
surfaces  in  contact  is  low  may  not  be  correct.  In  situations  where  the  sliding  surfaces 
oscillate,  such  as  from  external  vibration  or  intentional  dithering,  stiction  is  not  initiated  even 
though  the  relative  sliding  velocity  of  the  two  contacting  surfaces  passes  through  zero.  This 
phenomenon  suggests  that  the  relative  sliding  acceleration  of  contacting  surfaces,  which,  for 
oscillatory  motion,  is  at  a  maximum  when  the  relative  sliding  velocity  is  zero,  must  drop 
below  a  certain  level  for  stiction  to  occur.  To  insure  that  initiation  of  stiction  is  accurately 
modeled,  the  relative  acceleration  of  the  sliding  surfaces  must  also  be  considered  [8-4].  The 
advent  of  stiction  is,  therefore,  governed  by  two  parameters  that  are  denoted  as  a  threshold 
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rate  and  threshold  acceleration.  For  stiction  to  occur,  the  relative  sliding  velocity  and 
acceleration  must  fall  within  an  ellipse  in  the  velocity-acceleration  plane  defined  by  the 
threshold  rate  and  acceleration. 

The  second  deficiency  with  the  conventional  theory  occurs  after  the  initiation  of  stiction. 
When  stiction  occurs,  the  stiction  force  is  set  equal  to  the  lesser  of  the  resultant  surface  shear 
force  or  the  static  friction  force.  The  accelerations  are  set  equal  to  zero  and  the  relative 
velocity  of  the  sliding  surfaces  is  kept  constant.  As  a  result,  the  relative  displacement 
between  the  sliding  surfaces  increases  during  this  stiction  period.  This  is  inconsistent  with 
the  physical  processes  taking  place.  When  sliding  surfaces  "stick"  their  interfaces  are  frozen 
so  that  the  stiffness  of  the  two  sliding  surfaces  become  coupled.  This  interaction  is  more 
precisely  modeled  by  a  spring  with  stiffness  commensurate  with  the  shear  stiffness  of  the 
sliding  surfaces.  When  the  shear  force  between  the  two  sliding  surfaces  becomes  larger  than 
the  stiction  breakaway  torque,  the  spring  that  is  used  to  model  the  stiction  force  is  taken  away 
so  that  the  stiction  force  goes  to  zero  (see  Fig.  8-8). 


Torque  Blocking  Torque  blocking  refers  to  the  sudden  increase  in  torque  levels  of  a 
bearing  that  has  been  subjected  to  continual  oscillatory  motion.  As  a  bearing  is  rotated  back 
and  forth  the  balls  group  together  and  can  pinch  the  cage,  causing  high  torque.  This  is  a 
result  of  the  unsymmetrical  motion  of  the  balls  with  respect  to  the  bearing  rotation.  This 
phenomenon  causes  the  bearing  torque  to  rise  sharply  at  the  end  of  travel  regions  of  the 
oscillating  bearing.  This  behavior,  if  left  unchecked,  can  seriously  degrade  the  performance 
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of  a  precision  gimbal  to  the  point  where  loss  of  mission  due  to  excessive  bearing  torque  can 
occur.  [8-10]  The  torque  blocking  model  is  implemented  by  fitting  an  exponential  function 
to  the  bearing  torque  data  points  observed  during  testing  (see  Fig.  8-9). 


SIMULATED  BEARING  TORQUE 
WITH  BLOCKING 


MEASURED  BEARING  TORQUE 
WITH  BLOCKING 


Fig.  8-9  Torque  Blocking  Model  and  Comparison  with  Experiment 


Torque  Bumn  A  torque  bump  may  occur  if  a  bearing  has  undergone  prolonged  oscillatory 
motion  where  the  amplitude  of  bearing  motion  is  such  that  the  individual  ball  paths  have  not 
overlapped  each  other.  Debris  and/or  lubricant  may  build  up  between  ball  tracks  during  the 
oscillatory  motion  and  may  cause  significant  torque  "bumps"  when  the  bearing  is  slewed 
through  a  large  angle  over  Ae  debris.  The  torque  bump  model  is  implemented  by  inserting  a 
skewed  haversine  function  to  model  the  torque  profile  at  the  bearing  torque  bump  locations 
(see  Fig.  8-10). 
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8.2  PRECISION  BEARING  TESTS 

Test  data  from  the  precision  bearing  functional  tests  (Section  6.2)  was  used  to  validate  the 
bearing  disturbance  model  and  to  obtain  parameter  information  on  actual  flight  quality 
bearings.  This  data  was  used  as  input  into  the  bearing  simulation. 

The  precision  test  set  up  uses  a  rotary  air  rate  table  as  the  rotation  platform  for  the  bearing 
tests.  The  high  stiffness  (660,000  Ib/in  axial  and  300,000  Ib/in  radial)  and  low  runout  (± 
0.00005")  of  the  turntable  provided  a  stable,  low  noise  rotation  platform  to  maximize  the 
bearing  torque  signal  to  noise  ratio.  The  rotation  of  the  turntable  was  controlled  through  an 
IAC-186  intelligent  axis  controller.  The  IAC-186  is  a  16  bit  controller  provides  a  0.5 
millisecond  servo  rate  for  precise  positioning  control.  An  RE  36000  line  encoder  with 
tachometer  feedback  provided  rotation  information  to  the  IAC-186  controller  which  relayed 
feedback  commands  to  a  low  cogging  INLAND  DC  servo  motor.  The  position  and  velocity 
commands  were  entered  through  an  IBM  386  PC  via  an  RS232  port  to  the  IAC-186 
controller.  The  assembled  test  set  up  (see  Fig.  8-11)  provided  precise  rotation  control  and 
resolution  (<  2  arc  seconds)  for  bearing  torque  and  position  measurements. 

Bearing  angular  runout  measurements  were  obtained  with  an  autocollimator  mounted  above 
the  rotating  bearing  (Fig.  8-12).  The  autocollimator  signal,  processed  by  the  X-Y  indicator 
provided  runout  measurements  with  an  accuracy  of  0.2  arc-seconds  and  maximum  frequency 
range  in  excess  of  1.6  KHz. 

Bearing  torque  ripple  measurements  were  obtained  with  the  precision  bearing  test  set  up  in 
combination  with  a  sub  miniature  load  cell  and  amplifier  (Fig.  8-12).  The  linearity  of  the 
load  cell  is  greater  than  0.5%  and  the  output  analog  signal  has  infinite  DC  resolution  which 
will  result  in  very  high  accuracy  bearing  torque  measurements.  Torque  ripple  data  was 
processed  through  an  HP  spectrum  analyzer  to  obtain  a  frequency  breakdown  of  the  torque 
ripple  data. . 
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Fig.  8>11  Precision  Bearing  Test  Set-Up 


Torque  Ripple  Test 


Fig.  8-12  Precision  Bearing  Test  Configurations 

Bearing  Dahl  friction  slope  measurements  were  obtained  with  the  load  cell,  a  proximity 
probe,  and  a  precision  linear  actuator  and  controller.  The  proximity  probe  has  a  resolution  of 
60  ji.  inch  and  the  linear  actuator  and  controller  are  capable  of  0.001  inch  accuracy  and 
controllability.  The  linear  actuator  and  controller  was  used  for  precise  small  angle  excursions 
by  coupling  the  bearing  rotation  to  the  linear  actuator  through  a  rigid  moment  arm.  This 
arrangement  will  provide  precise  controlled  rotation  with  20  arc  second  accuracy. 
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The  construction  of  the  precision  bearing  test  set  up  is  motivated  by  the  need  to  validate  the 
bearing  disturbance  simulation  and  to  obtain  actual  bearing  parameter  infonnation  as  input  to 
the  bearing  simulation.  Once  the  bearing  simulation  has  been  validated,  it  can  be  used  to 
extrapolate  the  performance  and  effect  of  other  bearings  by  simply  knowing  the  particular 
parameters  associated  with  a  given  bearing.  In  addition,  the  data  obtained  for  the  bearings 
tested  can  be  used  as  exact  input  data  for  other  simulations. 

8.3  GIMBAL  SYSTEM  SIMULATION 

LMSC's  in-house  gimbal  simulation  represents  the  dynamics  of  the  gimbal  system  including 
the  stmcture,  controller,  actuators,  and  sensors  as  well  as  input  disturbances  from  spacecraft 
mechanisms  such  as  CMG  bearings,  and  solar  array  drive  motors.  The  gimbal  simulation 
incorporates  the  bearing  sub  model  described  above  To  understand  the  true  effects  of 
bearing  disturbances  on  gimbal  pointing  performance,  one  must  study  the  effects  of  all  error 
sources  in  addition  to  bearing  disturbance  torques. 


8.3.1  Gimbal  System  Model 

The  gimbal  system  simulation  attempts  to  model  all  of  the  important  dynamics  of  a  two  axis 
space  qualified  gimbal.  An  overview  of  the  simulation  is  given  in  Fig.  8-13.  In  addition  to 
the  two  axis  gimbal  mechanical  dynamics  model  the  simulation  includes:  a  simulation  model 
of  the  sensor  dynamics,  including  nonlinear  effects  such  as  encoder  quantization,  signal 
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delay  and  signal  noise;  a  simulation  model  of  the  torquer  dynamics,  including  back  EMF, 
amplifier  saturation,  and  mechanical  and  electrical  time  constant  effects;  a  simulation  model 
of  the  digital  control  system,  including  the  effects  of  sampling  rate,  computational  delay,  and 
signal  quantization  and  discretization;  a  simulation  model  of  spacecraft  disturbance  sources 
such  as  CMG  or  cryo-cooler  pump  vibration:  and,  finally,  the  simulation  model  of  bearing 
disturbance  torques  which  is  described  above. 

8.3.2  Command  Generator 

Simulations  to  date  have  focused  on  a  particular  scanning-pointing  maneuver  that  was 
specific  to  the  Brilliant  Eyes  two  axis  gimbal.  The  maneuver  consisted  of  a  reversing  sweep 
azimuth  axis  motion  (constant  velocity  with  haversine  reversal)  coordinated  with  a  step-stare 
elevation  axis  motion.  The  type  of  sensor  and  subsequently  the  type  of  raster  scan  that  the 
gimbal  employed  is  common  among  many  spacecraft  gimbals.  For  example,  the  pan/tilt  scan 
mirrors  on  the  NASA  GOES-I  and  Air  Force  DMSP  weather  satellites  use  a  two  axis  raster 
scan.  The  pan/tilt  mirror  on  the  SDIO  proposed  Brilliant  Pebbles  satellite  used  a  similar 
profile. 


Two  Axis  Gimbal  Command 
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Fig.  8*14  Gimbal  Scan  Maneuver 

Specifically,  the  commanded  maneuver  used  in  the  two  axis  gimbal  simulation  for  the 
azimuth  axis  consisted  of  a  ±10°  scan  with  constant  velocity  over  a  5  second  period  with  a 
haversine  velocity  profile  used  during  reversal.  The  elevation  axis  maneuver  consisted  of  a 
step  of  3°  which  occurs  simultaneously  with  the  azimuth  axis  haversine  reversal  command. 
The  step  command  is  achieved  through  a  square  wave  acceleration  command.  During  the 
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azimuth  axis  constant  velocity  scan  the  elevation  axis  holds  position  in  a  stare  mode.  The 
scan  profiles  are  shown  in  Figure  8-14. 

8.3.3  Jitter:  Pointing  Error  Calculation 

The  most  frequently  used  figure  of  merit  for  gimbal  pointing  performance  is  jitter  which  is 
directly  related  to  the  sharpness  of  the  sensor  image.  Jitter  can  be  thought  of  as  a  measure  of 
the  high  frequency  component  of  the  gimbal  pointing  error.  More  precisely,  jitter  is  defined 
as  the  difference  between  the  maximum  and  minimum  peak  to  peak  pointing  error  excursion 
during  a  defined  scanning  window.  The  scanning  (or  jitter)  window  can  be  defined  over  a 
time  interval  or  over  a  scanning  distance.  The  latter  is  the  definition  used  for  this  study  (see 
Fig.  8-15).  Two  axis  jitter  is  calculated  from  the  vector  sum  of  the  azimuth  and  elevation 
axis  pointing  errors.  Jitter  is  one  of  the  most  important  quantities  in  describing  the 
performance  of  a  gimbal  system  because  it  directly  measures  the  errors  that  are  the  most 
difficult  to  compensate. 


Fig.  8-15  Two  Axis  Gimbal  Jitter 

8.3.4  Effects  of  Bearing  Failure  on  Gimbal  Performance 
Actual  accelerated  life  test  data  from  flight  precision  bearings  was  used  as  input  to  the  bearing 
disturbance  model  to  gage  the  effects  of  bearing  disturbance  torque  on  gimbal  pointing 
performance.  The  bearing  disturbance  model's  torque  parameters  were  scal^  according  to  a 
least  squares  approximation.  The  scaled  bearing  disturbance  model  was  used  within  the 
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Jitter  biradians]  Torque  (in-lbs) 


gimbal  simulation  to  simulate  the  progression  of  gimbal  performance  as  a  flight  bearing  goes 
from  beginning-of-life  to  end-of-life  conditions.  A  number  of  different  nominal  gimbal 
configurations  were  simulated.  The  type  and  size  of  different  gimbal  components  were 
varied,  such  as  motor  size,  gimbal  size,  encoder  accuracy,  etc.  For  every  case  considered, 
the  gimbal  jitter  increased  proportionally  with  an  increase  in  bearing  torque.  An  example  of 
the  effect  of  bearing  life  cycle  torque  on  gimbal  performance  is  shown  in  Fig  8-16.  Fig.  8- 
16  indicates  that  as  a  bearing  approaches  end-of-life  that  the  increase  in  gimbal  jitter  (or 
decrease  in  gimbal  perfOTmance)  corresponds  with  the  bearing  torque  level  at  a  1  to  1  ratio. 


Fig.  8-16  Loss  of  Sensor  Function  Due  To  Bearing  Failure 

8.3.5  Effects  of  Bearing  Failure  on  2  Axis  Gimbal  Performance 
The  2  axis  gimbal  model  described  in  the  proceeding  section  was  used  to  quantify  the  effect 
of  BOL  versus  EOL  bearings  on  the  systems  jitter  pointing  performance.  The  size  ^d  mass 
properties  the  2  axis  gimbal  model  were  chosen  to  be  consistent  with  an  early  Brilliant  Eyes 
Payload  Gimbal  concept.  The  azimuth  axis  contains  a  pair  of  3"x5"  (B117BX)  angular 
contact  bearings  spread  8  inches  apart.  The  elevation  housing  supports  a  pair  of  4.75"x5.5" 
angular  contact  bearings. 

Each  gimbal  axis  is  subjected  to  the  bearing  torque  associated  with  the  primary  bearing 
disturb^ance  model.  The  model  consists  of  7  bearing  torque  sub  models:  1)  Dahl  friction;  2) 
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viscous  friction;  3)  torque  hash;  4)  bearing  runout;  5)  torque  blocking;  6)  torque  bump;  7) 
and  the  stiction  torque. 

To  account  for  the  BOL  and  EOL  bearing  effects  the  BOL  and  EOL  Bearing  Torque  PSD's 
presented  in  figure  5-34  (NCT  M0S2  +  Vespel  Cage  +  M0S2  coated  balls  rotating  at  1/4  Hz) 
were  used  to  develop  two  distinctly  different  torque  hash  models.  As  mentioned  above,  the 
Torque  PSD  was  back-transformed  into  its  equivalent  time  domain  counterpart.  The 
amplitude  and  frequency  of  each  disturbance  was  scaled  to  take  into  account  the  size 
difference  between  the  105  size  bearings  and  the  B117BX  bearings. 


The  BOL  Torque  PSD  and  its  equivalent  time  history  is  presented  in  Fig.  8-17.  These 
disturbances  are  due  mainly  to  the  ball  imperfections  which  occur  at  the  harmonics  associated 
with  the  ball  defects  frequency  of  1.38  Hz. 
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Fig.  8-17  Beginning  of  Life  torque  test  data 


BOL  BEARING  TORQUE  TIME  HISTORY  EXTRACTED  FROM  PSD 

I  I  I -  - 1 - 1 - 1 - 1 - j - , - 


— 

— 

T - * - 

r - 

1 -  - — 

r — 

VW'JwV? 

.  i 

"rom  Be' 

arine  Pc 

iktl.ll  i 

_ i 

L _ L 

Test  Data 

MCT  MpS2  +  Veispel  Cag 

- 1 - i - L 

e  +  MoSi2  Coated  Balls 

- i _ i _ 

-244- 


Torque  (in-lb)  Torque  PSD  (in-lb'^2/Hz) 


The  EOL  Torque  PSD  and  its  equivalent  time  history  are  presented  in  Fig.  8-18.  The  EOL 
PSD  is  made  up  of  the  harmonics  associated  with  the  ball  defects  at  1 .38  Hz,  the  inner  race 
defects  at  1.75  Hz,  and  the  outer  race  defects  at  1.25  Hz.  As  expected,  the  overall  PSD 
levels  as  well  as  the  spectral  density  of  the  of  the  EOL  bearing  is  higher  than  that  of  the  BOL 
bearing. 


Time  (sec) 


Fig.  8-18  End  of  Life  torque  test  data 

The  scanning  maneuver  presented  in  Figure  8-14  was  used  to  investigate  the  effect  of  the 
BOL  vs.  EOL  bearing  on  sensor  performance  consists  of  the  synchronized  constant  velocity 
slew  about  the  azimuth  axis  (from  +/-  22.5°)  and  the  3.0°  step-st^e  maneuver  about  the 
elevation  axis .  Both  of  which  are  described  in  section  8.3.2.  The  Jitter  vs.  Time  plot  of  the 
BOL  Bearings  show  a  steady  state  jitter  level  of  1  |i-radians.  The  larger  jitter  levels  seen  at 
scan  reversal  times  are  of  no  consequence  since  the  sensor  is  inactive  during  scan  reversal. 


-245- 


Jitter  (rad) 


Fig.  8-20  Jitter  vs  Time  of  a  EOL  Bearing,  Az  &  El  Scanning 
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The  Jitter  vs.  Time  plot  of  the  EOL  Bearings  (Fig.  8-20)  also  yield  steady  state  jitter  levels  of  6  to  10 
|i  rads.  Thus,  the  EOL  bearings  produce  jitter  which  is  one  order  of  magnitude  higher  than  its  BOL 
counteiparL  Again,  the  larger  jitter  levels  seen  at  scan  reversal  times  are  of  no  consequence  since  the 
sensor  is  inactive  during  scan  revCTsal. 

8.3.6  Breakdown  of  Gimbal  Jitter  Sources 

A  typical  spacecraft  gimbal  has  a  number  of  different  jitter  (or  error)  sources  that  can  degrade 
its  performance  like  motor  cogging,  power  transfer  device  torque  such  as  cable  wind-up,  as 
well  as  spacecraft  bom  disturbances  such  as  CMG  vibrations.  Preliminary  studies  of  the 
effects  of  various  disturbance  sources  on  the  overall  gimbal  performance  have  been 
undertaken.  Using  a  nominal  case  that  closely  matches  the  conditions  of  the  two  axis 
gimbal,  a  comparison  of  the  contributions  of  bearing  disturbance  torque,  motor  cogging 
torque,  and  cable  wrap  wind-up  was  made.  Initial  results  (see  Fig.  8-21)  show  that  the 
bearing  is  the  major  contributor  to  gimbal  jitter  and,  therefore,  a  reduction  in  bearing 
disturbance  torque  levels  could  significantly  improve  the  performance  of  a  gimbal  system. 

The  jitter  shown  in  Fig.  8-21  was  calculated  from  a  simulation  of  a  constant  velwity  slew 
maneuver  when  the  bearing  torque  vary  the  least.  It  should  be  noted  that  in  some  instances, 
such  as  when  the  motor  cogging  frequencies  are  very  close  to  the  control  system  bandwidth, 
the  gimbal  jitter  contribution  of  the  bearings  may  not  be  as  high  as  shown  in  Fig.  8-21. 
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Fig.  8-21  Jitter  Source  Breakdown 
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8.3.7  Gimbal  Flexible  Body  Effects 

The  Tribo  program  was  asked  to  help  identify  candidates  for  the  bearings  to  be  used  in  the 
two  Lockheed  Brilliant  Eyes  (BE)  gimbals.  Selection  of  bearing  sizes  are  dependent  on  the 
required  gimbal  structural  stiffness.  This  stiffness  is  set  so  sufficient  separation  exist 
between  structural  and  servo  system  frequencies.  The  following  sections  describe  the  two 
payload  gimbal  designs  that  were  presented  to  the  BE  Program  Office.  The  designs  were 
created  with  BE  Program  funds  in  support  of  their  design  studies. 

Gimbal  Modeling  The  proposed  spacecraft  contained  two  payloads  each  supported  by  a  2 
axis  precision  gimbal.  The  control  system  bandwidth  of  each  gimbal  was  on  the  order  of  10 
to  20  Hz,  resulting  in  a  gimbal  design  which  requires  that  the  structure  modes  be  placed  in 
the  neighborhood  of  70  to  100  Hz  to  avoid  any  coupling  between  the  control  system  and 
structure.  As  with  most  other  systems,  a  light  weight  system  is  desirable  from  the 
structural  frequency,  launch  weight,  and  power  consumption  standpoints.  The  gimbal 
which  supports  Payload  1  is  roughly  1  feet  wide  by  3  feet  tall  by  1  foot  deep.  The  gimbal, 
constructed  of  beryllium,  supports  a  92  Ibm  payload.  The  payload  2  gimbal  is  roughly  12 
inches  wide,  5  inches  deep,  and  12  inches  tall.  The  gimbal,  constructed  of  aluminum, 
supports  a  28  Ibm  payload. 

Finite  element  models  of  two  early  gimbal  concepts  of  the  BE  spacecraft  were  constructed. 
The  stiffness  of  the  candidate  bearings  were  included  in  the  form  of  the  appropriate  radial  and 
axial  stiffness  terms  for  the  elevation  and  azimuth  axis  bearings. 

Modal  Analv.sis  Results  The  modal  analyses  of  the  two  gimbals  were  performed  with 
fixed  based  boundary  conditions.  This  was  accomplished  by  restraining  the  azimuth  axis 
spacecraft  interface  locations.  The  results  of  the  modal  analysis  of  the  payload  1  gimbal  are 
presented  in  Table  8-1.  The  results  show  that  the  current  design  meets  the  desired  structure 
frequency  requirement  of  75  to  100  Hz. 


Table  8-1.  Preliminary  Frequencies  for  the  LMSC  BE  Payload  1  Gimbal 


Mode 

Frequency 

Description 

1 

0.0 

Elevation  axis  rigid  body  mode 

2 

0.0 

Azimuth  axis  rigid  body  mode 

3 

82.9 

1st  cantilever  mode  YZ  plane 

4 

89.9 

1st  cantilever  mode  XZ  plane 
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A  diagram  of  the  1st  structural  mode  is  presented  in  Fig.  8-23.  The  diagram  contains  the 
strain  energy  density  distribution  superimposed  on  the  mode  shape.  The  strain  energy 
density  distribution  is  typically  used  to  identify  the  cause  of  a  particular  mode  and  also  serves 
as  a  guide  as  to  where  extra  material  should  be  added  to  increase  the  structural  frequency 
and  where  material  may  be  removed  from  the  structure  without  adversely  affecting  the 
stiffness  of  the  structure. 


Fig.  8-22  BE  Payload  1,  1st  Structural  Mode  82.9  Hz 


The  results  of  the  modal  analysis  of  the  payload  2  gimbal  are  presented  below  in  Table  8-2. 
The  results  show  that  the  current  design  meets  the  desired  structure  frequency  requirement 
of  100  Hz.  A  diagram  of  the  1st  structural  mode  is  presented  in  Fig.  8-23.  Again,  the 
diagram  contains  the  strain  energy  density  distribution  superimposed  on  the  mode  shape. 


Table 


8-2.  Preliminary  Frequencies  for_Hie__LMSC_BE_^ajjoad_^_Giinbal 


Mode 

Frequency 

Description 

1 

0.0 

Elevation  axis  rigid  body  mode 

2 

0.0 

Azimuth  axis  rigid  body  mode 

3 

100.6 

1st  cantilever  mode  YZ  plane 

4 

114.23 

1st  cantilever  mode  XZ  plane 
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The  work  done  on  the  BE  gimbals  provided  realistic  structure  models  which  can  be  included 
in  future  bearing  simulations.  Up  until  now  the  structure  models  used  for  the  simulation 
work  have  been  crude  in  comparison.  The  inclusion  of  the  structure  data  from  these  model 
should  give  us  a  more  realistic  idea  of  the  effect  of  the  torque  ripple  and  a  high  frequency 
structure  on  the  gimbal  pointing  performance. 


Fig.  8-23  BE  Payload  2,  1st  Structural  Mode  100.6  Hz 


-250- 


8.4  LMSC  HYBRID  FLEXURE  BEARING 


The  unique  configuration  of  ball  bearing  and  rotary  flexure  enables  LMSC  Hybrid  Flexure 
(HF)  bearing  to  provide  low  friction  small  angle  pointing  as  well  as  large  angle  slew 
capability.  The  HF  bearing  was  evaluated  as  an  effective  low  friction,  disturbance  isolation 
bearing  assembly  for  spacecraft  gimbal  applications. 

The  Hybrid  Flexure  bearing  can  be  utilized  in  an  active  and  passive  mode.  In  the  active 
mode,  the  rotation  of  the  flexure  cylinder  is  controlled  through  a  high  bandwidth  servo 
system  that  attempts  to  zero  out  the  relative  displacement  between  the  flexure  cylinder  and  the 
gimbaled  payload.  In  this  manner,  bearing  disturbance  torque,  as  well  other  parasitic  torque 
such  as  cable  wrap  wind-up,  are  canceled  or  isolated  fi’om  the  gimbaled  payload.  Simulation 
studies  have  shown  that  the  active  HF  bearing  can  attenuate  spacecraft  bom  disturbances  up 
to  60  times  greater  than  a  standard  bearing  configuration  (see  Fig.  8-24).  In  particular, 
gimbal  systems  that  must  acquire  data  during  maneuvers  that  involve  velocity  reversals  or 
start-stop  situations  would  benefit  the  greatest  from  the  active  HF  bearing  [8-4].  The  large 
bearing  torque  gradients  that  occur  during  a  velocity  reversal  or  stop-start  situation  ^e 
canceled  by  the  active  servo  system  of  the  HF  bearing.  The  gimbaled  payload  and  its  drive 
system  are  isolated  from  these  large  bearing  torque  disturbances. 

The  Passive  Hybrid  Flexure  (PHF)  bearing  is  a  low  cost  and  smaller  size  alternative  that 
does  not  require  the  expensive  electronics  that  are  associated  with  an  active  servo  system. 
Because  the  active  cancellation  of  bearing  disturbance  torques  does  not  occur  in  the  passive 
version,  there  are  restrictions  on  the  type  of  gimbal  maneuver  that  can  be  performed  with  the 
PHF  bearing.  During  large  angle  slew  maneuvers  the  PHF  bearing  exhibits  a  stick-slip 
phenomenon  that  can  cause  large  gimbal  scanning  errors.  As  the  stiffness  of  the  flexures  is 
increased,  a  threshold  is  crossed  where  the  stick-slip  phenomenon  disappears.  The  value  of 
the  flexure  stiffness,  where  the  stick-slip  phenomenon  threshold  occurs,  is  affected  by  the 
gimbal  scan  profile,  the  gimbal  and  flexure  inertias,  and  the  bearing  disturbance  torque 
parameters.  For  a  particular  gimbal,  the  flexure  stiffness  can  be  optimized  for  different 
gimbal  scanning  or  pointing  scenarios.  For  inertial  pointing  applications  the  flexure 
stiffness  would  be  designed  as  low  as  possible  in  order  to  effectively  isolate  the  payload 
from  external  spacecrtrft  disturbances.  For  scanning  applications,  the  flexure  stiffness 
would  be  designed  high  enough  to  avoid  the  stick-slip  phenomenon  while  still  retaining  some 
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STANDARD  vs  HYBRID  FLEXURE  BEARING 


Standard  Bearing  Passive  Hybrid  Flexure  Bearing 

500  ^iradian  Bus  Disturbance  500  ixradian  Bus  Disturbance 


Hybrid  Flexure 
>20  factor 
reduction  in  jitter 
from  Standard 
Bearing 


PASSIVE  vs  ACTIVE  HYBRID  FLEXURE 


Passive  Flexure  Bearing 

500  firadian  Bus  Disturbance 


Active  Flexure  Bearing 

500  i^radian  Bus  Disturbance 


4.0  8.0  12.0  16.0  20.0  0.0 

Simulation  Time  [seconds] 


4.0  8.0  12.0  16.0  20.0 

Simulation  Time  [seconds] 


Active  Flexure  >3 
factor  reduction 
in  jitter  from 
Passive  Flexure 


Fig.  8-24  Hybrid  Flexure  Bearing  Comparison 

passive  isolation  characteristics.  In  some  instances,  the  elimination  of  the  stick-slip 
phenomenon  may  require  a  very  high  flexure  stiffness,  which  would  eliminate  the  passive 
isolation  benefits  of  the  flexure  bearing.  As  a  result,  some  situations  where  data  must  be 
collected  while  the  gimbal  is  scanning  may  not  be  appropriate  applications  for  the  passive 
Hybrid  Rexure  Bearing.  However,  applications  such  as  inertial  pointing  are  well  suited  for 
the  passive  Hybrid  Flexure  Bearing.  The  small  gimbal  rotations  that  are  needed  to 
compensate  for  spacecraft  attitude  adjustments  or  disturbances  occur  in  the  passive  Hybrid 
Flexure  Bearing's  flexure  range  because  the  bearings  do  not  rotate  until  the  flexure  torque 
exceeds  the  bearing  torque.  The  passive  Hybrid  Flexure  Bearing  acts  as  a  passive  isolation 
system  from  the  gimbaled  payload  to  the  spacecraft  bus.  In  an  inertial  pointing  mode,  the 
passive  Hybrid  Rexure  Bearing  attenuates  spacecraft  bom  disturbances  20  times  greater  than 
a  standard  bearing  (see  Fig.  8-24). 

In  summary,  the  active  Hybrid  Flexure  Bearing  shows  promise  for  all  types  of  gimbal 
maneuvers  while  the  low  cost  passive  Hybrid  Flexure  Bearing  shows  promise  for 
applications  that  involve  inertial  pointing. 
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8.4.1  Passive  Hybrid  Flexure  Testbed 

A  optical  bench  testbed  was  constructed  to  evaluate  the  jitter  reduction  performance  potential 
of  the  passive  Hybrid  Flexure  Bearing.  The  setup  used  the  rate  table  described  earlier 
together  with  the  autocolliminator.  (Fig.  8-25).  A  mirror  mounted  on  an  optical  bench  is 
supported  by  a  flexure  pivot  which  is  attached  to  the  5  inch  test  bearing.  The  nurror,  which 
functionally  represents  the  sensor  on  a  gimbaled  payload,  faces  an  autocollirnator.  The 
autocollimator  directly  measures  the  disturbance  motion  (jitter)  from  irregular  bearing  torque. 
A  reaction  load  cell  prevents  the  optical  bench  from  rotating  and  records  bearing  disturbance 
torque  imposed  on  the  optical  bench  as  the  bearing  outer  race  is  turned  by  the  rotary  air 
turntable. 


1 


Fig.  8-25.  Hybrid  Flexure  Bearing  Test  Setup  Showing  Optical  Bench 


8.4.2  Test  Results 

The  effect  of  varying  flexure  stiffness  on  bearing  system  reaction  torque  is  shown  in 
-  Fig.  8-26.  Here  the  turntable  is  gimbaled  back  and  forth  through  ±  5  deg., 

representing  a  possible  gimbal  target  tracking  mode.  Note  the  considerable 
improvement  in  both  torque  level  and  disturbance  torque  noise  acting  on  the  optical 
"  bench  as  flexure  pivot  torsional  stiffness  is  decreased.  The  performance  with  the 

"stiff  flexure  approximates  that  of  a  bearing  with  out  the  passive  Hybrid  Flexure. 
In  the  case  of  the  soft  flexure,  the  full  ±  5  deg.  travel  can  be  accommodated  by 
flexure  and  bearing  windup  (Dahl  friction  slope  region)  without  the  balls  in  the 
bearing  breaking  away.  Torque  and  torque  jitter  level  are  at  least  3X  smaller  th^  for 
the  non-passive  HF  bearing.  For  the  medium  and  stiff  flexures,  +  5  deg  motion  is 
too  large  and  optical  bench  disturbance  torque  from  the  balls  rotating  become 
significant.  While  the  soft  flexure  may  be  too  radially  compliant  because  gimbal 
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servo  bandwidth  considerations,  a  compromise  between  flexure  stiffness  and  gimbal 
inertial  pointing  angle  can  be  made.  Slew  speeds  from  0.25  to  10  deg/sec  seem  to 
have  litde  effect  on  this  phenomena. 


GIMBAL  ANGLE  = 
±5  DEGREES 


STIFF  FLEXURE 
(7.5  IN-LBS/DEG) 


MEDIUM  FLEXURE 
(1.0  IN-LBS/DEG) 


SOFT  FLEXURE 
(0.1  IN-LBS/DEG) 


Fig.  8-26.  Effect  of  Flexure  Stiffiness  of  Torque  Jitter  Performance 

In  the  case  of  large  transverse  slewing  maneuvers,  the  bearing  jitter  levels  are 
actually  higher  (not  shown)  with  the  soft  flexure  than  with  the  stiff  flexure.  This  is 
because  the  soft  spring  amplifies  motion  due  to  bearing  torque  disturbances  as 
correctly  predicted  by  the  earlier  simulations  discussed  above.  Thus,  the  passive 
HF  bearing  is  only  recommended  for  staring  applications  such  as  the  elevation  axis 


HF  bearing  is  only  recommended  for  staring  applications  such  as  the  elevation  axis 
hold  of  the  BE  payload  having  an  inner  nulling  servo-loop.  On  the  other  hand,  an 
active  Hybrid  Flexure  bearing  will  provide  significant  jitter  reductions  in  all  modes 
of  operation, 

8.4.3  Turntable  Simulation. 


Model  Description  The  PHF  mode)  consists  of  three  rigid  bodies  which  interact 
with  each  other.  Body  1  consists  of  the  rotating  portion  of  the  air  bearing  turntable 
and  the  bearing  outer  race.  Body  2  consists  of  the  bearing  inner  race  and  the  inner 
race/flexure  adapter.  Body  3  consists  of  the  optical  bench  platform.  The  mirror  in 
conjunction  with  an  autocollimator  provide  a  means  to  evaluate  optical  jitter  with  and 
without  the  PHF  in  the  system.  The  interaction  torques  are  described  below. 

The  primary  bearing  disturbance  torque  model  is  used  to  simulate  the  torque 
between  bo^es  1  and  2.  The  bearing  model  includes:  1)  Dahl  friction;  2)  torque 
hash  for  BOL  or  EOL  bearings;  3)  angular  runout;  and  4)  viscous  fiiction.  Specifics 
associated  with  each  bearing  sub-model  were  discussed  in  Section  8.1. 

Hybrid  Flexure  Three  different  Lucas  AS  Flexure  Pivots  were  used  to  evaluate 
the  flexiu-es'  disturbance  rejection  characteristics.  Flexure  pivots  with  differing 
torsional  stiffness  were  chosen  for  preliminary  evaluation  in  test  bed.  A  linear 
torsional  stiffness  model  is  used  to  simulate  the  flexure  torque  produced  between 
bodies  2  and  3.  The  Lucas  part  numbers  and  stiffnesses  are  presented  in  Table  8-3. 


Table  8-3.  Flexure  Stiffness  between  The  Optical  Bench  and 


the  Inner  Race  Adapter 


Catalog 

Number 

Rotation  Stiffness 
(in-lbAad) 

5032-400 

431 

5032-600 

5032-800 

6.7 

Load  Cell/Bellows  The  reaction  load  cell  is  attached  to  flexible  bellows.  The  two 
are  modeled  as  springs  in  series.  One  end  of  the  load  cell/bellows  is  attached  to  the 
Optical  bench  while  the  other  is  rigidly  restrained  through  its  attachment  to  the 
granite  block.  The  load-cell/bellows  acts  as  a  flexible  restraint  to  the  optical  bench.  It 
provides  a  mechanism  for  the  control  of  the  optical  bench  rotation  when  acted  upon 
by  various  flexure/bearing  combinations. 

Turntable  Motor  Cogging  Since  the  precision  turntable  is  mounted  on  air 
bearings,  the  only  major  disturbance  torque  from  the  turntable  itself  is  due  to  the 
drive  motor.  The  brushless  DC  drive  motor  was  selected  to  provide  minimum 
friction  drag  and  cogging.  Preliminary  estimates  of  the  turntable  motor  cogging 
torque  show  that  the  cogging  disturbance  should  have  a  firequency  of  120  cycles  per 
shrft  revolution  and  an  amplitude  of  0.66  in-lbs.  A  properly  tuned  hybrid  flexure 
should  significantly  reduce  the  jitter  due  to  cogging. 
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Test  vs.  Predictions  A  comparison  between  test  results  (Fig.  8-27)  and  the 
predictions  (Fig.  8-28)  shows  very  good  agreement.  The  trends  observed  during 
the  test  were  clearly  exhibited  in  the  simulation.  The  model  matched  torque 
predictions  in  each  of  the  flexure  stiffness  vs.  scan  rate  scenarios.  Scan  rates  of 
0.25°/s,  1.0  °/s,  and  10.0  °/s  were  used  to  evaluate  the  flexure.  The  simulation  was 
able  to  predict  both  the  low  frequency  and  high  frequency  torque  levels. 


Fig.  8-27.  Test  Flexure  Torque  Fig.  8-28.  Simulated  Flexure  Torque 


The  simulations  showed  the  same  trends  that  were  exhibited  in  the  test  data.  That  is,  1)  the 
scan  rate  has  little  effect  on  the  Flexure  Torque  time  history;  2)  the  stiffer  the  flexure  the 
greater  the  amount  of  bearing  torque  noise  transmitted  and  the  higher  the  torque  levels;  3)  the 
softer  flexure  provided  enough  compliance  to  fail  break  out  of  the  bearing  Dahl  friction  wind¬ 
up  zone  (this  is  partially  due  to  the  small  scanning  angle). 

Conclusions  The  results  show  that  a  PHF  is  well  suited  for  inertial  pointing  but  is  not 
recommended  for  high  agility  slewing  maneuvers.  For  high  agility  slew  maneuvers  an  active 
hybrid  flexure  design  is  required  to  attenuate  jitter  levels  attributed  to  the  bearing.  The  test 
results  gathered  also  show  good  agreement  between  predicted  and  test  flexure  torque. 


t 
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8.5  SUMMARY  &  CONCLUSIONS 


The  major  accomplishments  and  conclusions  that  have  come  from  the  gimbal/bearing  simula¬ 
tion  work  to  date  are: 

•  Gimbal/Bearing  Simulation 

A  detailed  bearing  disturbance  model  was  used  to  evaluate  the  effect  of  bearing  torque 
disturbances  on  gimbal  pointing  performance.  The  bearing  OKxlel  included  torque  signature, 
Dahl  friction,  torque  hash,  runout,  viscous  friction,  as  well  as  end-of-life  behavior  such  as 
torque  blocking,  torque  bump,  and  turnaround  (stiction)  torque.  Actual  beginning  and  end 
of  life  test  bearing  data,  such  as  runout,  torque  ripple,  and  Dahl  friction,  were  used  as  input 
to  the  model. 

•  Bearing  End-of-Life  Effects 

Predictions  show  that  gimbal  pointing  performance  is  directly  related  to  be^ng  torque 
disturbance  levels.  In  simulation  runs,  using  a  number  of  different  nominal  gimbal 
configurations,  the  bearing  disturbance  torque  level  was  varied  based  on  actual  torque  data 
obtained  from  bearing  life  tests.  In  each  instance  the  gimbal  jitter  level  increased  at  a  ratio  of 
approximately  one  to  one  with  the  bearing  torque  level.  In  summary,  the  gimbal 
performance  is  directly  linked  to  the  bearing  performance  and,  as  a  result,  as  the  bearing 
reaches  end  of  life  conation,  the  function  of  die  gimbal  is  lost. 

•  Gimbal  Jitter  Breakdown 

Simulation  results  have  shown  that  the  contribution  of  the  bearing  disturbance  torque  to 
gimbal  jitter  can  be  in  excess  of  70%  during  constant  velocity  scans.  Other  disturbance 
sources,  such  as  cable  wrap  and  motor  cogging,  contribute  less  than  15%.  As  a  result,  a 
reduction  of  bearing  torque  levels  by  50%  could  reduce  the  overall  gimbal  jitter  by  ~35%.  In 
summary,  the  bearing  disturbance  torque  is  a  major,  if  not  the  largest,  contributor  to  gimbal 
jitter  and,  subsequently,  improved  bearing  tribomaterials  could  significantly  improve  the 
performance  of  a  precision  gimbal  system. 

•  Gimbal  Jitter  Reduction  From  Hybrid  Flexure  Bearing 

Simulation  results  have  shown  that  LMSC  Hybrid  Flexure  Bearing  concept  can 
significantly  reduce  the  jitter  levels  of  gimbaled  sensors.  The  Active  Hybrid  Flexure 
Bearing  was  shown  to  reduce  gimbal  jitter  levels  by  a  factor  of  60  under  all  types  of 
gimbal  maneuvers.  The  low  cost.  Passive  Hybrid  Flexure  Bearing  was  shown  to 
reduce  gimbal  jitter  levels  of  3  to  10  times  for  inertial  pointing  applications  only. 

Test  results  confirm  that  a  soft  flexure  provides  the  greatest  jitter  reductions  for 
pointing  but  causes  degraded  performance  for  large  angle  tracking. 
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Section  9 


CONCLUSIONS 


The  efforts  under  the  Tribomaterial/'Precision  Gimbal  Program  have  advanced  the  application 
of  ion-sputtered  M0S2  films  for  space  bearing  applications.  Under  this  effort,  a  considerable 
test  data  base  was  generated  using  realistic  flight-like  bearings,  loads  and  operating 
conditions.  A  total  of  270,000  cumulative  life  test  hours  were  obtained  on  precision  angular 
contact  ball  bearings  lubricated  with  33  different  tribomaterial  combinations  (lubricant, 
bearing  cage  material,  ball  material  or  coating).  Three  different  ion-sputtered  M0S2  processes 
were  evaluated.  The  information  generated  supports  a  decision  when  to  insert  these 
advanced  tribomaterials  into  precision  gimbal  bearing  assemblies. 

Accomplishments  included: 

•  life  tests  to  48  million  cycles  conducted  on  a  total  of  55  pairs  of  bearings 
comprised  of  three  sizes  that  envelope  those  proposed  for  SDIO  gimbal  systems. 

•  direct  performance  comparisons  with  test  bearings  lubricated  with  several 
traditional  and  advanced  space  gimbal  greases. 

•  detailed  characterization  of  film  morphology,  failure  mechanisms  and  important 
film  properties. 

•  development  of  two  U.S.  commercial  sources  for  ion-sputtering  bearings  with 

M0S2. 

•  identification  of  producibility  issues  and  quality  control  needs. 

•  development  /  evaluation  of  improved  Hohman-antimony  films  with  variable 
current  deposition  and  more  fracture  resistant  Ovonics  films  having  interlayers 
with  high  gold  content. 

•  assessment  of  the  potential  benefits  of  low  torque  bearings  to  gimbal  pointing 
performance. 

•  generation  of  an  extensive  torque,  runout,  Dahl  friction  data  base  for  both  M0S2 
and  liquid  lubricated  bearings  at  both  beginning  and  end  of  life. 

•  development  of  detailed  bearing  disturbance  model  for  gimbal  pointing 
simulations. 

•  demonstration  of  the  torque  ripple  reduction  benefits  of  the  Lockheed  Hybrid 
Flexure  Bearing  concept  along  with  its  associated  limitations. 

Key  findings  include: 

•  M0S2  coated  bearings  show  excellent  torque  performance  until  film  failure, 
primarily  through  delamination,  or  until  there  is  excessive  retainer  transfer  film 
deposits. 

-  failed  M0S2  film  can  still  provide  long  life  operation  as  a  burnished  film. 

-  occasional  torque  excursions  can  occur,  particularly  between  gimbaling  modes. 

•  Long  lived  bearings  require  replenishment  ft'om  self-lubricating  retainers,  such  as 
those  comprised  of  PTFE. 

•  In  the  tests  conducted  here,  the  use  of  ceramic  balls  and  those  coated  with  M0S2 
resulted  in  short  bearing  life. 


•  Primary  torque  failure  mode  is  debris-related  preload  increase. 

-  large  diameter,  hard-preloaded,  thin-sectioned  bearings  are  particularly  debris-torque 
sensitive.  Spring  preloaded  bearing  assemblies  are  more  tolerant. 

•  Over-transfer  of  retainer  film  leads  to  increase  torque  and  under-transfer  leads  to 
bearing  race  wear. 

-  a  proper  match  between  the  retainer  material  with  the  M0S2  film  and  bearing 
operating  condition  is  critical  for  good  torque  performance. 


Additional  improvements  to  film  performance  and  application  include: 

•  Development  of  "tougher”  M0S2  films  that  are  more  fracture  resistant,  with  higher 
adherence  and  more  tolerant  of  Hertzian  stress  and  surface  roughness. 

•  Better  characterization  of  retainer  transfer  film  lubrication,  including  the  effects  of 
material  composition,  retainer  geometry-ball  interaction  and  the  effects  of  bearing 
load,  speed,  temperature,  and  gimbaling  motion. 

•  Development  of  an  industry  standardized  M0S2  process  specification  with  well 
defined  quality  control  evaluation  procedure. 

-  tests  that  measure  mechanical  properties  such  as  fracture  toughness,  hardness,  and 
rolling  contact  resistance  appear  to  be  more  important  in  process  control  than 
chemistry,  texture  or  morphology. 
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